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Abstract

The results of a systematic **Cl, 8'Br, and **'I SSNMR spectroscopic study of a series of
halogen-substituted anilinium halide salts are presented. Solid-state NMR of these nuclides,
bromine-/81 and iodine-127 in particular, is not well established. Twenty-one compounds
thought to exhibit halogen bonding were prepared based on modified literature procedures, and
two crystal structures were solved. Experiments show that collection of SSNMR spectra of the
anions is feasible, though ultrahigh magnetic fields (21.1 T) and variable offset data acquisition
were found to be essential. Electric field gradient and chemical shift tensors are measured
experimentally for all 21 compounds, significantly expanding the body of data for the
quadrupolar halogen nuclei. Quadrupolar coupling constants for chlorine-35 ranged from 2.12 to
6.04 MHz, for bromine-81 from 12.3 to 45.3 MHz, and for iodine-127 from 57.50 to 152.50
MHz. Gauge-including projector-augmented wave density functional theory (GIPAW-DFT)
calculations were used to provide insight as to how the NMR parameters vary with local
environment and long-range crystal packing. Overall, calculations reproduced the experimental
trends in quadrupolar coupling constants and chemical shift tensor span (Q2) but failed to provide
quantitative agreement within experimental error. Experimental and computational data were
analyzed in order to provide insight into how halogen bonding influences NMR parameters.
Several trends were elucidated from this study, including an inverse correlation between Q and
the length of the shortest halogen-halide contact (d). In selected bromine compounds, for
example, Q (*'Br) was measured to increase from 120 to 240 ppm as d decreased from 3.838 to
3.443 A. In summary, this study has demonstrated the feasibility and utility of quadrupolar
halogen SSNMR, and that these techniques may prove useful in characterizing halogen bonding

interactions in solids.



Chapter 1

General Introduction & Objectives
1.1 Definitions

Nuclear magnetic resonance is a spectroscopic technique whose use has become
ubiquitous in chemistry and biology, as well as in many industrial and medical applications.t
Development of this method continues to flourish in the scientific community, and many nuclei
on the periodic table are conducive to study by nuclear magnetic resonance (NMR). However,
different nuclei exist in vastly different chemical environments and are susceptible to a variety of
physicochemical phenomena. Each nucleus presents a unique set of challenges and affords
different information on its surroundings. The quadrupolar halogens, chlorine, bromine, and
iodine, are all important in modern chemistry, and the database of NMR spectra of these
halogens, especially in the solid state, is still fairly small. The primary purpose of this thesis is to
describe the results of an NMR and computational study of a series of organic halide salts, the
haloanilinium halides. This chapter will discuss the basic mathematics and theory describing the
NMR interactions which are pertinent to the description and interpretation of chlorine, bromine,
and iodine solid-state nuclear magnetic resonance (SSNMR) spectra. This section will also

describe the scope of this thesis as well as objectives of the experiments which were performed

as part of this study.

Quadrupolar nuclei will be the focus of all the NMR experiments in this thesis; these are
nuclei which have a nuclear spin larger than 1/2. There are three important interactions which
need to be considered when commencing an NMR study on one or several quadrupolar nuclei.

The Zeeman, magnetic shielding, and quadrupolar interactions are all important to the



observation and de-convolution of SSNMR spectra of quadrupoles, and each interaction gives a
different but important subset of information. Combined, these data give a very detailed

understanding of the environment in which the nucleus of study exists.

The first interaction to be considered, the Zeeman interaction, forms the basis for NMR
spectroscopy. This interaction exists as a result of the nucleus’ placement in an external
magnetic field, By. Quadrupolar nuclei can occupy one of several different quantum spin states

according to values in this series:
m; = —I,(-I+1)..1 [1.1]

where my is the magnetic quantum number and can take integer values between the
positive and negative value of the spin quantum number I. This formula indicates that in the case
of spin 3/2 nuclei like chlorine-35 and bromine-81, four energy levels are possible, and six levels
are possible in the case of the spin 5/2 nucleus of iodine-127. In the absence of a magnetic field
each of these levels is degenerate and so none is favoured. When a magnetic field is applied, the
spins of the nuclei in different energy levels will prefer certain alignments with respect to the
field. In so doing, just more than half of the spins (those in the lower energy levels, see Figure
1.1) will lower their energy by aligning favourably with the field and the remaining spins will
oppose the field and will therefore have a higher energy. This population difference follows the
Boltzmann distribution, and so the energy gap dictates the relative populations of the energy
levels. This difference between energy levels stays the same between each set of levels, and so

in considering only the Zeeman levels, an NMR signal will always be a single line at an energy
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Figure 1.1. Zeeman interaction for a spin-3/2 nucleus.

equivalent to AE. For the purposes of this work, the other two interactions will act as

perturbations to the Zeeman interaction.

In Figure 1.1, the equation for the energy gap depends on y, the magnetogyric ratio of the
nucleus in question, # which is the reduced Planck constant, and B, which is the magnetic field
strength. It is this interaction which gives rise to the NMR signal, and in fact the exploitation of
the energy level splitting between different spin states is the goal of NMR. Let us consider a
nuclear spin system (assume a large group of isolated spin-3/2 nuclei which have a negligible
quadrupole moment for the purpose of this discussion) which has been split into its respective
energy levels by a magnetic field as described by Figure 1.1. These nuclei, if allowed to
equilibrate, will reach a state wherein the higher energy levels become slightly under-populated,

according to the Boltzmann distribution:
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This difference in population leads to a measurable net magnetization of the nuclear
spins, wherein the spins aligning with the field will exist in larger numbers than those opposing
it. The nuclear spin magnetization, being in an external applied magnetic field, will precess
around the external magnetic field axis. This precession happens at a very specific frequency for
a given nucleus, called the Larmor frequency:

_ YBo

— [1.3]
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which is proportional to the energy gap mentioned in Figure 1.1 and depends on the
external field By as well as the magnetogyric ratio y, which is different for each nuclide or
isotope. This precession is essential to NMR as it is what is detected in the radiofrequency coil

in an NMR probe. Since the net magnetization is

pointing directly along the axis of the main field, this AZ
) ) 90° pulse
precession will be undetectable, and therefore useless A—-;.. ~
B} Ho
for the purposes of spectroscopy. A secondary Bo \\

electromagnetic field is required to perturb the ’\k

magnetization, and to detect the strongest possible B,

<V

signal from the precessing spins, they should be

perpendicular to the field. Since it is unfeasible to X'

quickly apply and then remove a secondary external
Figure 1.2. Net magnetization
during a 90 degree pulse.’



field to the spins, a pulse of electromagnetic energy is used to excite the bulk magnetization. In
practise, the energy required to rotate the spins about a secondary axis falls in the radio
frequency (RF) portion of the spectrum. In SSNMR experiments, a solenoid coil is used to
deliver high-power RF energy to the sample at its Larmor frequency, which causes the spins to
precess about the new magnetic field created by the RF pulse. In the simplest of NMR
experiments, this pulse is timed to cause the spins to rotate 90 degrees from the axis of the
external magnetic field, leaving the magnetization perpendicular to said field (see Figure 1.2).
This so called transverse magnetization is easily detectable by NMR, at least in simple NMR
experiments like those performed on *H and *3C where high magnetogyric ratios don’t pose any

further complications.

The second interaction which will be considered applies to any nucleus as well, and is
called magnetic shielding. This interaction arises from interactions a nucleus has with electrons
surrounding it. Protons can be viewed as having the same properties as small bar magnets, while
electrons moving through space nearby give rise to currents which cause small magnetic fields
around them. These small fields will act in a perturbatory manner to the main external field,
disrupting the isotropic environment in which the nucleus would otherwise find itself. These
shielding electrons will behave differently depending on the orientation of the external magnetic
field, so in a powder this interaction will be anisotropic. The magnetic shielding tensor is
symmetric, at least to a good approximation, and has a non-zero trace, which means that 6
independent components are required to fully describe its magnitude and orientation. It is
important to mention that though magnetic shielding is the phenomenon which occurs at the

nuclear level to perturb nuclei, experimentally we are not able to directly measure this shielding.?



Instead what we measure is called a chemical shift, and is related to magnetic shielding

according to the following formula:

_ Oref—0ij
51'1' = — [1.4]

1_O-Tef
This formula will convert each of the nine components of the magnetic shielding tensor:

011 012 O13
o = |01 032 033 [1.5]
031 032 033

into the analogous component in the chemical shift (CS) tensor.

As mentioned above, the chemical shift tensor is regarded as symmetric, and so only 6
independent components are required to fully describe it. Three of these components can be
expressed as angles which relate the orientation of the tensor to the molecular frame, which for
the purposes of this discussion is arbitrary and therefore these components will not be considered
here. The three important components which remain after the tensor has been diagonalized are

called the principal components of the tensor, and are named and ordered as such:
611 = 622 = 633 and 011 < (¥ < 033 [16]

Note for completeness that the ordering for chemical shift is the reverse of that of
magnetic shielding; this difference arises from the math of the conversion. For simplicity, the
chemical shift tensor will be used in further discussion. However, when references are made to
quantum chemical calculation, note that magnetic shielding is what is calculated, and that an

appropriate conversion has been made to give the results in terms of chemical shift. In order to



do this, a calculation must be done on a reference nucleus which is then further compared to very
accurate and complex calculations which measure the shielding around a bare nucleus which has

no electrons orbiting it.

This ordering system, while convenient, is not the most useful way to describe the
components of the chemical shift tensor. The convention used in this work was proposed at the
Maryland convention® and uses three slightly more useful parameters to describe the tensor. The
first and most useful parameter is the average of the three principal components, called the

isotropic shift:

5. = §11+82,+833
iso — 3

[1.7]

This parameter is less important as the spectrum becomes broader, but it retains its
usefulness as it gives an indication of the average environment surrounding the nucleus. The

next parameter is called the chemical shift span, and is calculated thusly:
) = 8§11 — 033 [1.8]

The span of a chemical shift tensor is important because it represents the difference in chemical
shift of the nucleus between the molecule-fixed principal
axis system being oriented parallel to the magnetic field and
it being perpendicular. These two values represent the two
most extreme chemical shifts the nucleus can experience

simply through molecular rotation in the magnetic field.

Figure 1.3. Typical CSA line
shape (1=3/2) with a skew of 0.3.



The final parameter gives a measure of the asymmetry of the tensor; in other words it is a
measure of the distribution of resonance frequencies within the range given by the span. The
formula for the last parameter, the skew of the tensor, is below:

3(622—96;
K = (622=8is0)

- [1.9]

This parameter contains a factor of three and refers to each of the other principal
components. The skew can take any value ranging from 1 to -1 which represents the fractional
position of the greatest percentage of spins which have the same chemical shift (see Figure 1.3).
With these three components, it is possible to fully describe the chemical shift tensor of a given

nucleus.

The final and most uniquely pertinent interaction to this study is the quadrupolar
interaction (QI). The QI arises from the coupling of the nuclear quadrupole moment (Q, which is
a result of an uneven distribution of charge in the nucleus) with the electric field gradient (EFG)
at the nucleus, which can also be described by a second rank tensor. Since this tensor is
symmetric as well as traceless, it does not require all three of its principal orthogonal
components: |Vs3| = |V,2]| = |Vi4], to fully describe it. This particular tensor can be described
by 5 independent components, three of which can be expressed as angles relating the tensor to
another frame, which can, for example, be the magnetic shielding tensor frame. The magnitude
and asymmetry of the EFG can now be described in a very simple way, with only two
independent parameters relating to the principal components of the tensor. These two parameters
are the quadrupolar coupling constant (Cg) and the quadrupolar asymmetry parameter (7q). The

equations describing these parameters are below:



Co =222 [1.10]
Vi1—V;
ng =42 [1.11]

where e is a fundamental unit of charge and h is

Figure 1.4. Typical quadrupolar
line shape (I=3/2) with an
asymmetry of 0.1

Planck’s constant. The asymmetry of the interaction, ng,

necessarily ranges from 0 to 1, with a value of zero

corresponding to axial symmetry (see Figure 1.4).

The final set of important parameters which are important in quadrupolar NMR are the

Euler angles, which relate principal axis systems (PAS) to one another.

As the QI and CS

interactions are second rank tensor quantities, three of these angles are necessary, as shown in

Figure 1.5. For example, the crucial PAS in NMR is the molecular PAS, the one which holds the

molecule or atom in question rigid while interactions are considered in three dimensions around

it. This PAS is related to the main magnetic
field, which is defined as being aligned with
the z axis. From that definition, any molecule
in the field can be related to the magnetic field
based on the Euler angles. In NMR
experiments, the Euler angles are traditionally

only used to relate PASs to one another. For

example, in the figure below, the relation the

= o1

Figure 1.5. The three Euler angles and how
they are viewed. a is the rotation of 6 about

V33, B is the rotation about the new 822, and vy
1s a further rotation about the new 833.21
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Euler angles describe is the rotation of the CS tensor in the EFG tensor’s frame.

In nuclei such as the quadrupolar halogens which form the basis of this study, both of
these interactions are present simultaneously and their separate effects are not inherently
discernible in spectra, rendering the parametrization of these spectra quite difficult. There are,
however, other ways of separating or separately altering the extent to which these interactions
perturb the spectrum. The simplest method for doing this is called magic angle spinning
(MAS).” In this experiment, the sample is spun rapidly at 54.74° with respect to the magnetic
field (the “magic angle”), which causes the chemical shift interaction to be averaged to zero.
While this is only the case when the sample can be spun at a higher frequency than the width of
the spectrum, it is nevertheless a useful technique and is simple to implement if the compound in
question fits within the capabilities of the hardware required to spin the sample. This technique
has the effect of removing the anisotropic effects of the chemical shift interaction. MAS also
removes the quadrupolar interaction to first order, as well as reducing second-order quadrupolar
broadening by 2-3 times, greatly simplifying the spectrum and allowing for its fitting with only a

few parameters.
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1.2 Scope of Thesis and Objectives

This work aims to characterize and describe the chlorine-35 and bromine-81 EFG and CS
tensors in a series of haloanilinium halide salts. Succinctly, the two key objectives are: (i) to
record benchmark NMR data for these compounds and describe the data in the context of other
related NMR data, and (ii) to investigate the possible relationships between the NMR parameters
and the halogen bonding environment. Quadrupolar halogen SSNMR is a field which has been
developed by a few groups in the last 5-10 years, but continues to allow many opportunities for
study. Several studies have been conducted on organic chloride salts,® while bromide ions in
reasonably low symmetry sites remain largely unexplored. There are several instances in
literature where SSNMR has been used in determining strength and directionality of hydrogen
bonding, which is present in this series of compounds. These compounds also contain short
halogen-halide contacts which are referred to as halogen bonds which will be the focus of one
section (see Chapter 3 for literature review) of this thesis. Pairing the experimental NMR data
with x-ray diffraction data in the literature and acquired in the course of this work allows for
even more detailed understanding of the types of interactions in which these halide ions are
involved. With x-ray diffraction data comes the required experimental atomic coordinates to
perform quantum chemical calculations (see Chapter 5 for background and theory) with a much
greater degree of accuracy than would otherwise be possible. Quantum calculations are a helpful
tool for assisting with understanding the electronic basis for a given set of NMR parameters and
how those parameters relate to molecular structure. Two types of calculations have been used to
assist in the complete description of the halide environment. Gauge-including projector-
augmented wave density functional theory GIPAW-DFT’ calculations necessarily use x-ray

crystal data to approximate actual crystal environments in a lattice framework. Conversely,
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Gaussian software which uses molecular orbital theory, molecular mechanics, and ONIOM?® (our
own n-layered integrated molecular orbital and molecular mechanics) whose algorithms allow
for a less rigid, much less defined structural motif. This allows more freedom when building

molecular structures, but restricts realism as full crystal structures are not modeled.

The second chapter of this work introduces the more specific topic of solid-state
quadrupolar halogen NMR, and the challenges and nuances of performing experiments on those
nuclei (chlorine, bromine, and iodine). A literature review of the last 10 years in the study of
these nuclei will also be presented in this chapter, along with some insights which will help with

the current study.

The third chapter contains a definitive description of halogen bonding, which comprises a
large part of the discussion in the chapters following it, as well as a thorough review of the recent
literature surrounding the halogen bond. Also in this chapter is a brief history of halogen
bonding, as well as an overview of a few of the applications of halogen bonding in solid- and
liquid-state chemistry and some of the important advancements in those fields which can be

attributed to it.

Chapter 4 contains the new x-ray crystallographic data obtained in the course of this work
as well as the **Cl and ®Br SSNMR data obtained both at the University of Ottawa as well as at
the Ultrahigh-Field NMR Facility for Solids in Ottawa. This chapter also contains experimental
details pertaining to synthesis as well as to the NMR experiments. The end of this chapter
discusses the relationship between NMR parameters and structural features from the crystal
structures. Chapter 5 explores a variety of calculations which were undertaken to correlate NMR

parameters directly to specific structural features. Comparisons of these calculations are also

13



made to experimental values to test the efficacy of the calculations as well as their accuracy. A
thorough computational exploration of the possible relations between halogen bonding and NMR
parameters is also presented in this chapter, ending with one specific trend which shows promise

as a probe of halogen bond strength in these types of compounds.

Finally, chapter 6 gives some conclusions which can be gleaned from the experimental
and computational data, and about the testing of halogen bonding in these types of compounds.
The end of this chapter describes directions future projects could go in pursuit of a more
complete description and understanding of the competition between hydrogen and halogen
bonding in these types of compounds, and suggests some topics for studies which could further

that knowledge.

SSNMR can provide information on local structure in a compound which is not possible
with any other spectroscopic technique. Very subtle changes in structure from one compound to
the next can lead to drastic changes in SSNMR parameters. This is one important aspect of the
study of a group of distinct but related compounds. In this study specifically, studying
compounds which are similar and exist in groups of three which vary in a predictable way allows
for a solid foundation on which conjectures and theories can be based. These theories can be
further tested with calculations and either supported or refuted based on the results of those
calculations. With the recent advances in NMR technology, specifically probe design and
ultrahigh magnetic fields, new experiments which could not be considered previously are now
becoming possible. New pulse sequences are also being developed which can lead to signal

enhancement and can considerably shorten experiment time at the expense of some spectral
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resolution. These pulse sequences, while reportedly time-saving and useful, are not explored in

this  study. More reliable, time-tested methods are used instead (vide infra).
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Chapter 2

Introduction to Solid-State Quadrupolar Halogen NMR
2.1 Background

Nuclear magnetic resonance (NMR) spectroscopy is a decades-old technique which
measures subtle changes in the magnetic and electronic environment at and surrounding a given
nucleus. These changes can arise from bonding electrons or non-bonding electrons from a
nearby nucleus, and also from nuclei and charged ions in the crystal lattice. Important chemical
information can be gained from these experiments, which are also very sensitive to even minute
changes in structure. While liquid-state NMR is excellent for determining average environments
of nuclei in solution, it is not helpful for solid applications, and for heavier nuclei or those which
bond in more complex ways. A solution-state NMR spectrum consisting of a singlet gives only a
fraction of the information which SSNMR can provide. Solid-state NMR (SSNMR)
spectroscopy allows a much larger range of information to be extracted from nuclei, since
structural constraints are not averaged out by molecular tumbling. Also, minor interactions such
as dipolar and J coupling, which are not discussed here, can impair resolution or prevent
assignment of peaks in solution. These couplings often have a reduced impact on the line shapes
in solids due to the breadth of the signals. In the case of most quadrupolar nuclei, and for all of
what will be seen in this work, line shapes are broad enough that these interactions can be

ignored entirely.

A solid-state NMR experiment can be as simple as a regular 90 degree pulse and Bloch

decay.’” There are, however, issues which complicate the acquisition of these spectra with a one-
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pulse experiment (vide infra). The halogens in this study are all quadrupolar, and so their

detection will require advanced NMR techniques.

Quadrupolar nuclei (those with a nuclear spin quantum number | greater than %) often
have very short free-induction decays (FIDs) which may decay to below the level of noise before
the receiver has an opportunity to recover from the high-power RF pulse and begin detection.
This fast decay is a result of the nuclear spins’ interactions with their surroundings. Therefore,
since the decay constant of the FID and the breadth of the frequency domain spectrum are
reciprocal, in the case of halogen NMR the spectrum can be extremely broad (e.g., several MHz
or tens of thousands of ppm depending on the applied magnetic field strength and the nuclear

environment).

Chlorine, bromine, and iodine are commonly found in two important forms, as covalently
bound atoms typically on carbon chains, and as negatively charged ions in salts. Both of these
forms are useful in their own rights, though in terms of NMR responses they are complete
opposites.  On one hand, collection of SSNMR data for ionic chloride is typically
straightforward, as the line shapes tend to be narrow enough to require only a single echo
experiment. Conversely, attempts to collect SSNMR data for covalent chlorine atoms is often
met with either a large time expenditure or a complete inability to collect signal due to the
extreme broadness of the lines. For bromine, line shapes tend to be about 5-10 times broader
than those for chlorine, and so collection of data for ionic bromide systems is still feasible.
However, collection of data for covalent bromines is completely unreasonable, as powder
patterns can span several hundreds of MHz, which would require several days or even weeks to
acquire. Bearing these facts in mind, it is not surprising that data for these nuclides is quite

sparse compared to common organic nuclei in solids such as *C and **N.
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When compared to (a)

simple NMR experiments P P: acquisition
LI | i

(b)

such as those involving *H

or *C, quadrupolar halogen

NMR does present some
Figure 2.1. Echo pulse: (a) Pulse sequence for the echo

complications.  First, the experiment (b) Visualizing the time-domain response, if it were
possible to acquire for the entire sequence.

difficulty inherent to

chlorine NMR is the fact that it has a small magnetogyric ratio (see

Table 2.1). This leads to low sensitivity of nuclei to the NMR experiment, and since strong
pulses are required, probe ringing can also be an issue. In this case, echo experiments are
necessary to acquire any signal in almost all chlorine NMR experiments. In an echo experiment,
probe ringing issues are avoided by using a second pulse at a time after the 90 degree pulse (see

(a)

p, P, acquisition
R

(b)

Figure 2.1). This pulse, which
can be either 90 or 180 degrees, is called an echo pulse, because it reverses the direction of the
nuclear spins’ dephasing. It is this dephasing which causes such rapid loss of signal, and the
application of this second pulse will cause the spins to rephase. At a time equal to the delay
between the two pulses, the echo delay, the rephasing of the spins will cause them to realign,
giving rise to a temporally symmetrical signal identical to the original signal but without any

probe ringing.
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Chlorine-35, the nuclide which is central to the chlorine portion of this study, has a
natural abundance of just over 75 %, which is very useful because its low sensitivity would
otherwise preclude efficient NMR experiments. Bromine-81, the nuclide central to the bromide
portion of this study, has an average magnetogyric ratio, similar to that of carbon-13. This is
convenient because most NMR probes are already designed to tune to this frequency. The
complication with bromine is the much larger quadrupole moment of the nucleus, which leads to
a large broadening of resonances, to the point where complete spectral acquisition is only
possible in extremely symmetric environments. The variable offset cumulative spectrum'’
(VOCS, see Figure 2.2) acquisition method is used in cases where the line shape is broader than
the receiver is capable of collecting in one shot. This method involves setting the receiver at
equally spaced intervals across the breadth of the pattern in order to acquire its complete line
shape. After collecting a series of spectra with the same number of scans and identical pulses
and delays, at properly spaced intervals (whose distance apart depends on the power and length
of the pulses used, see Figure 2.3), the spectra can be Fourier transformed and processed
separately as usual. The final step is to co-add all the pieces onto a flat baseline to give the

complete spectrum in the

frequency domain. JJ\/\‘"‘\L

T T T T T T T T T T 1
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Figure 2.2. Variable offset cumulative spectrum method.
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Once the final spectrum has T T

been produced, the next step is to fit AN
the spectrum to a set of parameters ——7/\\-————
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shape. Depending on the type of VAN
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spectrum and NMR techniques used,  Figure 2.3. Co-adding Gaussian shapes to get a flat
baseline can be used to calculate how large transmitter
the required parameters will differ.  frequency steps should be. In this case the Gaussian
peak is about 650 kHz broad and the steps have been
For the static experiments on optimized at 150 kHz apart.

quadrupolar nuclei like the halogens, the parameters for the quadrupolar interaction (QI) and
CSA will be used, since those are the interactions which affect the spectrum. In MAS
experiments, the CSA is averaged by rapid spinning, and so the only parameters which are
required to fit these spectra are the quadrupolar coupling constant (Cq) and the quadrupolar

asymmetry parameter, as well as the average, or isotropic chemical shift (see Chapter 1).

At low magnetic field, the QI is the dominant interaction, whereas using an ultrahigh
field such as exists at the National Ultrahigh Field Facility for Solids in Ottawa provides the
ability to capture the CSA effects as well, which is of the reasons why the facility is so useful for
ultrawide line shapes. The breadth of the central transition arising from the QlI, to second order,

scales inversely with magnetic field strength':

AUCT ==

25+22nQ+nQ2l (3¢o)” ]1(1+1)—% o
( || [2.1]

144 (2D(21-1))

hence the powder pattern becomes narrower at higher fields. The breadth of the central

transition depends inversely on the Larmor frequency, v, of the nucleus, which itself scales with
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magnetic field. The

spectrum acquired at

higher magnetic field
sim.(Q2=0)

will have a stronger

dependence on the

chemical shift tensor

750 500 250 0 250 500 750 em)  (which scales with By,
Figure 2.4. Visualizing changes in SSNMR powder patterns with and
without CSA in Hz, see Chapter 1)

and chemical shift anisotropy will be much easier to detect at this field, whereas at low field the

line shape will be almost entirely due to the QI.

Especially with quadrupolar nuclei, there are many different parameters which may
produce similar effects on the line shape, so when there are CSA and quadrupolar effects present
simultaneously, the spectra can be very difficult to simulate with any confidence. In total there
are 8 parameters used to fit the spectrum. One way to increase the reliability of the results is to
acquire the spectra at multiple magnetic field strengths. Therefore, in the present work, at 9.4 T,
changes in line shape due to CSA will be very difficult to see, whereas at 21.1 T, CSA effects

will be visible in the spectrum (see Figure 2.4).

Another method for increasing certainty in the fitted parameters is to acquire spectra from
other isotopes of chlorine and bromine. This technique is not broadly applicable, but both
bromine and chlorine have a second stable isotope with a Larmor frequency not unlike their
more abundant partner. Chlorine-37 and bromine-79 SSNMR are generally performed if the fit
of a spectrum is in doubt or if another magnetic field is not available. These nuclides have

properties which are similar to the conventional halogen NMR nuclides but are not always used
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either for reasons of sensitivity or for overlap with other more common nuclei. Chlorine-37 is
about three times less abundant than chlorine-35, and has a smaller magnetogyric ratio, which is
difficult to tune to on even low-frequency probes, and causes even more issues with respect to
low sensitivity. Bromine-79 on the other hand, has properties which are quite similar to
bromine-81, but its spectrum tends to overlap with carbon-13, and since that nucleus is many
times more sensitive and typically quite abundant in samples, bromine-79 NMR is typically not
the first choice. There is also the minor fact that bromine-79 gives lines which are
approximately 20 percent broader than those of bromine-81. The nuclear properties of the

quadrupolar halogens which are the subject of this study are tabulated in Table 2.1 & Table 2.2:

Table 2.1. Nuclear properties of the quadrupolar halogens®?

| N.A. v/10° vo@94T Q10 m" Relative CT

(%) (radT'sY)  (MH2z) Linewidth®
®Cl 3/2 75.78 2.624198 39.19 -81.65 1.34
’cl 32 24.22 2.184368 32.62 -64.35 1.00
“Br 3/2 50.69 6.725616 100.21 313 7.70
8Br 3/2 4931 7.249776 108.02 261.5 5.01
21y 52 100 5.389573 80.03 -710 11.44

% Central Transition line width for a powder sample.

Table 2.2. Larmor frequencies for halogen isotopes at all pertinent magnetic fields

By Field Chlorine vy (MHZ) Bromine vy (MH2) Todine vo (MH2)

Isotope 35 37 79 81 127

94T 39.19 32.62 100.21 108.02 80.03
11.7T 48.99 40.78 125.27 135.03 100.04
21.1T 88.18 73.40 225.48 243.05 180.06
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2.2 Literature Review of Quadrupolar Halogen SSNMR

There have been several studies performed by our group®*?"?

involving various organic
hydrochloride salts and alkali and alkaline earth metal chlorides, as well as studies of similar
environments concerning ionic liquid chlorides,'* organometallic chlorides,'® and group 13
chlorides.'® Bromine SSNMR has not been explored as extensively as chlorine, but there are
some data, also mainly for near-symmetrical environments. For example, alkali and alkaline

,'” as well as some simple organic bromides'®

metal earth bromides have been explored in detali
and ionic liquids'. Organic hydrobromides are a largely unexplored area, as well as other

inorganic metal bromides.

The alkali metal and alkaline earth salts for chlorine and bromine have been studied, and
the iodine salts studies are in progress or have recently finished.*® Most of those give narrow
spectra (on the order of tens to hundreds of ppm) which are measurable in one piece, especially
at high field. The field of chlorine SSNMR is well behind carbon and the other common half-
integer nuclei but there are some data for chloride-containing organic salts?® for comparison.
These spectra are also narrow for the most part, although some do have the complication of
containing more than one magnetically non-equivalent site, resulting in overlapping line shapes.
In terms of bromine-79/81 SSNMR spectra of bromide-containing compounds, considerably less
data are available,?' since these spectra tend to be broader, due to a larger quadrupole moment
(Table 2.1), and therefore piecewise data acquisition can be necessary (vide supra). lodine-127
SSNMR is the least studied of the three in terms of the amount of data, since iodine-127 has a
very large quadrupole moment, which tends to lead to extremely broad spectra in most cases.
There are advantages and disadvantages associated with data collection of all three halides (see

Table 2.1), but with the right series of compounds all three can be compared and contrasted.
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Another useful method of collecting SSNMR data is through 2D NMR experiments.
These experiments, like multiple-quantum MAS** (MQMAS) and satellite transition MAS?
(STMAS), allow for the separation of the SSNMR line shape from its isotropic shift in MAS
spectra. This technique is very useful in compounds with multiple sites, as the two-dimensional
nature of the experiment allows for the separation of peaks with different isotropic shifts and
gives exact values for isotropic shifts without fitting. In MQMAS, quadrupolar broadening is
removed in one dimension through excitation of multiple quantum coherences followed by a
transfer of this magnetization to the central transition for detection. STMAS works in much the
same way, but uses magnetization transferred from the satellite transitions in order to increase
the population difference between the central transitions energy levels. However, the usefulness
of these experiments is limited for the quadrupolar halogens, since spectra for these compounds
typically are not narrow enough to render MAS feasible. There has only been one report of

chlorine MQMAS in the literature,”* measuring some chlorine containing sodalite compounds.

Another interesting experiment which can be applied to the SSNMR study of quadrupolar

halogens is QCPMG, * the quadrupolar

QCPMG \ version of the Carr-Purcell-Meiboom-Gill
b
_LI:LQ;%L pulse sequence. This experiment is used to
n
Echo Train enhance sensitivity, and it does so by
Solid State v collecting the signal from the line shape into a
Sl Li | f spikel | d |
] series of spikelets at evenly spaced intervals
Na,SO, S % P Yo
ko TeS'a_,J I‘ }J I \____ Hahn Echo (see Figure 2.5). This behaviour of the line
‘H”l‘u” l ..
ST, et shape stems from the acquisition process,

Figure 2.5. QCPMG pulse sequence, FID and  Wherein a series of echoes are collected, as
resulting spectrum.>
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opposed to the single echo in a typical SSNMR experiment. This so-called echo train contains
many duplicates of the same signal with decreasing intensity, as this signal depends on the actual
transverse relaxation time (T,) of the nuclei, and not the reduced transverse relaxation time (T,*)
which is affected by local magnetic field inhomogeneities. By virtue of this fact, the amount of
total signal which can be gained from QCPMG is much higher than from just a single echo
experiment. There are really only two major downsides to QCPMG,; the first being that it takes
considerably longer to set up than a traditional echo experiment due to the complexity of the
pulses and powers involved. The other downside is that while the gathering of signal into
spikelets does drastically increase apparent signal to noise, the spikelets are prone to distortion
and artifacts which can lead to misreading the spectrum and unnecessary complication in already
difficult to fit spectra. There is also the issue of setting the separation frequency between the
spikelets; too large and there won’t be enough data to properly fit the spectrum, too small and the
inherent sensitivity gain will be lost in the sheer number of spikelets. QCPMG can be
considered a useful alternative to echo experiments provided setup is done carefully and the

spectrum is not too complicated.

Some other less common SSNMR experiments which can be used for the signal
enhancements of wider line shapes include double-frequency sweeps (DFS)?’ and hyperbolic
secant pulses,®® both of which use more complicated pulse sequences and pulses of varying

frequency or phase to increase sensitivity and therefore signal in wider line shapes.

Putting new data into context with existing data is an important step in any fundamental
study, and having some idea of what the results of an experiment will be before it begins begets
an advantage to the spectroscopist. For chlorine SSNMR, there is a decently large data base to

work with, with a wide range of compounds in various fields having been studied.
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Figure 2.6. Chemical shift ranges in the solid state for known chlorine, bromine and iodine
compounds.?!

Unfortunately, such a large data set is not available for bromine and iodine in terms of EFG and
CS tensor parameters, though some information can still be gleaned from the data which does

exist in terms of what to expect from a new series of compounds (see Figure 2.6 for chemical

shift ranges).

As mentioned above, there have been a variety of studies done on materials containing
chloride ions, ranging from biological molecules to glasses. The known chemical shift range for
chlorine goes from -78.06 ppm for CuCl up to 1049.3 ppm for KCIO, (referenced to NaCl(s)).
While this is a very large range, other than the perchlorates, most of the chlorines have isotropic
shifts which fall between -100 and 500 ppm. These compounds also tend to have a wide variety

of EFG and CS tensor parameters, with Cq values ranging from about 1 MHz up to about 36
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MHz, and chemical shift spans of up to 200 ppm. Though this is a very large Cq range, if only
data from compounds of an organic nature are considered the range shrinks from about 1 to 10
MHz, so this range is what is to be expected. There have been fewer reports of bromide and
iodide tensor parameters outside of the cubic salts, though with the few reports of amino acid
bromides the expected range of bromide for chemical shifts is -200 to 600 ppm. The Cq values
for organic bromide compounds are also expected to range from about 10 up to 50 MHz. The
values which exist for iodide ions are based on alkali and alkaline earth metals, which are in
environments which are quite different from the ones being studied, but will nevertheless give
the only real comparisons to existing data which is possible for iodine. The Cgs in these
compounds range from about 50 MHz up to over 200 MHz, and there have been two reported
spans, of 120 £ 80 and 300 £ 100 ppm. Given the lack of SSNMR data for this nucleus, it is
difficult to say for certainty that the new data will fit into the existing range, but given its fairly
large size, it is a good assumption. There are also some data for bromine and iodine pertaining to
the perhalogenates® which are shifted to much higher frequency, but since these compounds are

of little relevance to the current study, no further mention will be made of them.

The latest techniques to be applied to bromine and iodine SSNMR are called STREAQI®
(Slow Turning Reveals Enormous Anisotropic Quadrupolar Interaction) and WURST *°
(Wideband, Uniform Rate, and Smooth Truncation) NMR, and they are useful for dealing with
ultrawide line shapes. STREAQI is a 2D NMR technique which uses slow MAS to map out a
correlation between the solid line shape and the isotropic shift. WURST is an extremely useful
pulse sequence for solids because it is capable of capturing a much larger bandwidth using
shaped pulses than a typical echo experiment is able to with one shot. This pulse sequence is

typically combined with QCPMG to capture a wide bandwidth with an increased signal to noise

27



ratio. Whether or not this technique will continue to be applied to quadrupolar halogen SSNMR

in the future remains to be seen.
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Chapter 3

Halogen Bonding
3.1 Definitions

Halogen bonding is an interaction between a covalently bound halogen atom and a Lewis
base, anything which can donate electron density. This bonding paradigm draws comparisons to
hydrogen bonding, and the two can be considered somewhat analogous. The strict definition of a
halogen bond is currently under investigation, but a good definition for the time being is as
follows: a halogen bond is formed when the distance of the donor-acceptor interaction is shorter
than the sum of the van der Waals (VDW) radii of the atoms forming the bond.*" This definition
is valid for any bond, and there is an equation which defines the orbital overlap accompanying

the formation of a halogen bond:*

R = d [3.1]

rx+Tp

where d is the bond distance and each of the r values represent the van der Waals radii of the
atoms involved. R is therefore a measure of the degree of overlap of the atomic orbitals, where a
value less than 1 indicates an interaction, while a value above 1 shows that the atomic orbitals do
not overlap significantly. There is, however, a slight complication forming a firm definition. In
hydrogen bonding, there is clearly a bond formed when a hydrogen atom attached to a
heteroatom is pointing at a lone pair of electrons (see Figure 3.1). For halogen bonding though,
there are two possible atomic

arrangements which can allow for van

der Waals overlap. (a) R-X-----NH; (b) R-X----

Figure 3.1. Typical Lewis bases for a halogen bond.
(a) lone pair, (b) delocalized n-electrons. *
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90 to 120 degrees electrophile (e.g. metal ion) The first, and most common

; ) ~ is the linear halogen bond, which as
R-X----- nucleophile (e.g. :NT)

explained above is comparable in
~180 degrees

Figure 3.2. Possible halogen bonding modes.™ geometry and electronics to a

hydrogen bond. The second and less common angular orientation is where there is an atom or
group which forms a bond with the halogen at 90 degrees with the covalent bond®® (see Figure
3.2). This type of halogen bonding requires an electrophile perpendicular to the covalent
halogen bond to accept electron density, because of the band of negative electrostatic potential

around the halogen when it is covalently bound.

The reason halogen bonding happens at all is due to the changing electron density around
the halogen nucleus when the covalent bond forms (in typical applications this is a carbon-
halogen bond). Because of the large number of electrons around halogen atoms, the entire
surface of the halogen’s electrostatic potential is typically negative. However, when connected
covalently to a molecular system which is sufficiently electron-withdrawing, something
unexpected will occur. On the side of the halogen atom opposite the covalent bond, if the
molecule bound to the
halogen is electron-
withdrawing enough, an

area of positive electrostatic

potential can appear (seen
—Br e in red, Figure 3.3). This

spot is referred to as a

Figure 3.3. Enlargement of the sigma hole moving down the 35
halogen series. Blue represents negative electrostatic potential, Sigma hole, ™ because the
red represents positive potential, or the sigma hole.**
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covalent bond is sigma type.

Typically this kind of anomaly is not seen for covalently bound fluorine compounds,
because the atom is simply too electronegative. However, with the right combination of
electron-withdrawing groups on the molecular frame, and a larger halogen atom, a sigma hole
will inevitably appear.®® In a straight comparison of chlorine, bromine, and iodine, the sizes of

the sigma holes, and thus the strengths of

ANG1
18005 g1008 o@%c 01 o the halogen bonds, increase moving down
§@ g 00) 8 Qb%o S5
S NN S— O e Shud W
L 6 9O o0 & the column.
ool G o H
16
i N Strong halogen bonds are not
S N SN SN SN WU SN NS S S always formed by chlorine, as has been
T T R lsens son s lsusleac by shown and confirmed by experiment and in
e s B e e et SRS S — computational studies.”’ In cases where a
Hg===4 e TR TR S A R true impactful halogen bond is desired in
b N I A A crystallographic studies, synthetic chemists
90 ; i : i ) ..
324 328 332 336 340 344 348 352 356 3.60 will norma”y choose iodine as the ha|ogen

DIST1

Figure 3.4. Correlation between halogen bond ~Pond acceptor. This is because it is well

angle vs bond length in iodine-iodide halogen

bonding paradigm.*® known that iodine forms the strongest

halogen bonds and also that the bonds it forms are the most linear®® (see Figure 3.4) and the
shortest.’® Another common technique to induce strong halogen bonds in compounds which are
chosen in crystal engineering is to perfluorinate the surrounding carbons, e.g., p-
diiodotetrafluorobenzene. In so doing, the whole structure is made much more electron-
withdrawing, pulling electron density from the covalent halogen bond, and enlarging the sigma

hole.
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The strengths of halogen bonds vary widely depending on the substituents on either side
of the halogen, with theoretical strengths of the interaction having an upper bound of 180 kJ/mol
(the I,-I" interaction in 15), which is actually a very strong non-covalent bond.* This is under
ideal circumstances with the strongest molecular fragments arranged in perfectly linear fashion,
but still gives a good idea of the kinds of strengths these bonds will have under normal
conditions. When compared to the hydrogen bond, which has been shown to exist with strengths
of anywhere from about 5 kJ/mol (anything less than that is not enough to realistically be
considered stable), to 155 kJ/mol,*" the two interactions seem quite competitive. Compared to
compounds where the halogen bond is a binding molecular interaction in the solid state, where
the strongest halogen bond was found to have a more realistic measured strength of 153 kJ/mol,*!
the two interactions seem about on par with one another. In compounds where only hydrogen

bonding exists, the addition of a halogenated compound could be all that is required to change

the geometry to a point where a halogen bond begins to impact the lattice structure.*
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3.2 Early History

Though the field of halogen bonding as it is currently being studied is only 10 to 15 years
old and saw a fairly slow start, the fundamental interactions involved in the bonding have been
known for quite a bit longer. The first publication to mention what we now call a halogen bond
is a report by Frederick Guthrie in 1863.* Among many other compounds, he created an adduct
of ammonia and molecular iodine from a mixture of ammonium nitrate and iodine. This
compound has a short nitrogen-iodine distance, the first of many compounds with this particular
configuration, though being 1863, the exact geometry and conformation of the interaction was
not known. It was only upon decomposition of the material to form ammonia and molecular
iodine that Guthrie decided he had formed HzNee<I,. Regardless, this is the first record of such a
compound being found or created, and was the first of many compounds to be categorized as

having a donor-acceptor interaction involving a halogen atom accepting electron density.

Though many compounds were discovered in the intervening time,** the theory behind
halogen bonding remained largely undeveloped until the 1950s. At this time, Robert Mulliken
devised a classification system for all donor-acceptor complexes which included a full
description of halogen bonding,* though at the time the exact reasons for halogen bonding
specifically were not yet known. At the same time, German chemist Odd Hassel began
compiling x-ray data for many compounds,*® a number of which contained halogen bonds. The
first, and most well-known of these compounds is a complex containing 1,4-dioxane and
molecular bromine in a 1:1 ratio. This compound formed in chains with significant overlap
between the bromine and electrons from the oxygen atoms on the dioxane. In this compound,
the bond is quite strong and the angle of the interaction is almost exactly 180 degrees, allowing

for optimal overlap.
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3.3 Review

Since the 1950s there have been many new compounds formed which include short
halogen-donor interactions, and they have appeared and found uses in a variety of fields. Given
the almost infinite array of possible combinations which can form involving covalent halogen
atoms, it is no surprise that reports of compounds exhibiting these interactions are scattered
across the literature, appearing everywhere from medicine, to liquid crystals and even in
molecular magnets. The tunable nature of these compounds also allows for simple modifications
to structure which lead to fine changes which can be useful in tweaking parameters in the crystal

structure.*’

There are many literature reports of crystal structures which contain hydrogen
bonds, but crystallographic studies for their own sake are not nearly as useful as ones which are
applicable to other fields, and so applications will be the focus of this section. There is great
interest in quickly and unambiguously determining halogen bonding distances and angles,

without resorting to crystallographic studies if that is possible. Several possibilities for doing

this have been proposed, just as

15.0
similar  methods have  been

‘é‘ 12.5
o
2 developed for hydrogen bonding.
g 100 ° P ydrog g
£
= s The first method which will be
1} 54
E . o :
% 50 discussed is using solid-state NMR
S 1
‘g as in order to detect the presence and
& 251

60 possibly strength of a donor-

16 117 1j8 1.9 2.0 2.1 2.2 ] . o )
R (H...0)(A) acceptor interaction, if it exists.

Figure 3.5. Experimental proton chemical shifts plotted In the hydrogen bonding

as a function of the HeeO distance determined from X-
ray crystallography for a series of metal and organic realm, there have been several
hydrates.*

34



attempts to characterize the number, orientation and strength of many hydrogen bonds in relevant
or interesting systems. In 1998, Gang Wu et al.,*® measured the proton SSNMR spectra of a
variety of organic and inorganic hydrates in order to quantify any relationships which may exist
between the geometry of the hydrogen bonding environment in those compounds and the NMR
parameters measured by experiment. It was found that the trend in these compounds with
respect to proton chemical shift was a decreasing shift with a lengthening hydrogen bond. This
parameter held as a trend for a series of 11 relatively unrelated compounds (see Figure 3.5), and
so attempting to apply it more broadly is not out of the question. Perhaps halogen bonding
strength or at least bond length could be quantified

by NMR in much the same way.

A second NMR related study which /d\ N

concerns halogen bonding directly this time was |

1 I

Figure 3.6. Structure of benzyl-di(4-
iodobenzyl)-amine, subject of reference
49.

performed by Piotr Tekely et al.*® in 2008. This
study used an indirect halogen bonding probe (the
halogen atom itself was not the nucleus of study)
to determine N-I distances in a solid organic material (see Figure 3.6). Dipolar couplings can be

related to bond distances through a set of simple calculations, the equation for which is here:

h
Dy, = —felak [3.2]

and so halogen bond distances can be determined using >N SSNMR. With this in mind, a 1D
>N SSNMR spectrum was collected and simulated. First, the spectrum was fit to a set of
parameters which did not include any sort of dipolar effects. This spectrum was very close to

fitting to the experimental spectrum (see Figure 3.7; bottom spectrum), but did not model it
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perfectly. The top spectrum includes the effects of
CSA as well as those of dipolar coupling to a
would-be iodine atom. In this spectrum, the
simulation can be fit perfectly to experiment, which
is taken as proof that there is indeed a short
nitrogen-iodine contact in the molecule. While this
is an indirect probe of halogen bonding, in theory it
nevertheless shows that dipolar  coupling
measurements could be a valid technique for
measuring for the presence of halogen bonding as

well as specific bond distances.

Another interesting and novel use of NMR
in the measurement of bond geometries was
performed by Vitali Tugarinov et al.”® in 2010. This
study looked at D-labelled ubiquitin, a protein

which is found in almost every tissue in the body.

L]
-0.5 0.0 0.5
/2w (kHz)

Figure 3.7. N SSNMR spectra of
benzyl-di(4-iodobenzyl)-amine (see
Figure 3.6). Top spectrum (red) includes
dipolar coupling; bottom spectrum (blue)
only includes CSA effects. Black line
represents experimental spectrum in both
fits. *

By labelling specific amino acids with deuterium, the chemists were able to measure quadrupolar

coupling constants (QCCs, see Chapter 2) for those atoms which were involved in hydrogen

bonds. The study used a Carr-Purcell-Meiboom-Gill (CPMG) sequence for deuterium to reduce

measurement times and improve signal to noise in the spectra, while SEDUCE and WALTZ-16

36



decoupling sequences were included to 180
decouple carbon and deuterium respectively. In 176 -
these compounds, the deuterium QCC tends to L 172 %% H %

. . O 168t i Tl
decrease along with decreasing hydrogen bond 8 P
. . . . S, 164 f % * T

distances, though the relationship is not linear /A {

: N 160 |-
(see Figure 3.8). As shown in Figure 3.8, the

156 1 | 1 1 | 1
i in ic i 0.04 005 0.06 007 0.08 0.0
relationship is linear when compared to the 0o (0T 05Y @4h a1 2
inverse cube of the hydrogen bond distance; the 7'{11_0 (A7)
reason for this comparison rather than using the Figure 3.8. Relationship between the
deuterium QCC and hydrogen bond lengths

bond distance directly is due to the EFG’s in ubiquitin.>®

inverse cube dependence on r as well. This methodology does show that it’s possible to use
QCCs to probe hydrogen bonding, and so it should be possible to transfer these ideas to halogen

bonding.

Another study, done by Jerome Boisbouvier et al.*!

in 2010 used a different technique to
attempt to measure and correlate NMR parameters to structure. In this case, proteins were once
again the subject of the study, though this article brings much more obscure interactions into
consideration to measure weak hydrogen bonding. Hydrogen bonding is fundamentally between
a hydrogen atom attached to an electronegative atom and a source of electron density, and
weaker interactions than hydrogen bonding are still possible. In the case of this study, the
interactions being measured are between CH groups in amino acids and the =m-electrons on
nearby side chains (see Figure 3.9). Heteronuclear multiple quantum coherence (HMQC) is a

two-dimensional NMR technique which allows for the correlation of protons and carbon atoms

which are close in space but are not necessarily bonded. In the 2D spectrum, a cross peak will
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Figure 3.9. Sample geometry of CH-
7 interactions between a leucine
residue and a nearby aromatic tyrosine
ring in a labelled protein.*

form if the atoms are interacting, and so J coupling
between the two involved atoms implies that they are
at least weakly interacting. The strength of the
coupling is therefore a good indication of the strength
of the interaction. In the proteins from the study, there
were over a hundred different small J couplings which
were found, in addition to the normal ones which
typically appear when performing J coupling
measurements. This shows that there are more subtle
effects than hydrogen bonding and =n-stacking on
protein folding and overall structure. This technique is

very useful primarily because it isn’t restricted to only

certain nuclei, although the J coupling in larger and quadrupolar nuclei is much less obvious due

to the width of those lines, especially when J couplings in the spectra presented are on the order

of tenths of Hz.

As can be seen from the above cases, donor-acceptor interactions can be measured in a

variety of ways using NMR-based techniques. Given this plethora of methods for probing

hydrogen or halogen bonding, it would seem as though finding bonding trends in new sets of

compounds wouldn’t be very difficult, and applying the current methods more broadly should at

least prove useful.
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3.4 Applications

Halogen bonding is a field
which has been around for almost

two centuries, yet for a long time 80

almost nothing was KnOwn about the 15 g
il
way  this bonding actually worked. — 0/ee em™ e300 2001 2002 2003 2004 2005 2006 2007 2008

However, in the last 10 to 15 years, Figure 3.10. Papers with halogen bonding in the title

. - from 1997 to early 2008.%
this has definitely not been the case. y

Since the years 1997-9, when there was only one publication mentioning halogen bonding in
each year, the number of papers on the topic has begun to grow exponentially (see Figure 3.10).
Now papers on halogen bonding number in the hundreds per year, and show no signs of slowing
down. In fact, this summer an IUPAC committee met in Spain to discuss halogen bonding in an
attempt to more solidly define its parameters. As mentioned in the previous section, halogen
bonding has found a variety of applications from the solid state as well as in solution, and in
many different subject areas. There have been numerous reports of compounds containing
halogen bonds which are being used as receptors for various ions, in self-assembly with halogen
bonding driving selectivity, and even in areas of biology for protein complex formation and

enzymatic catalysis.

In each of the above-mentioned topics, hydrogen bonding has been a commonly used tool
of chemists to perform many selective tasks. In some cases though, hydrogen bonding has either
not been up to the task, or alternatives were needed, and halogen bonding offers the variety to

assist in this endeavour.
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In the instance of an article from Beer et al., a

- bidentate  receptor was  prepared with a
® © P PP
' * bromoimidazoliophane backbone. > Thi t
- romoimidazoliophane backbone. is receptor
@ @
| > ‘! had a syn and anti conformation, and was tested with
0(2 ‘,‘ ‘# bromide ions as well as with hexafluorophosphorus to
| " assess binding qualities. The result of the experiment
! .’ ]. was that of the four possible outcomes (two anions,

% < |

'\. \‘ two conformations), the syn configuration binding
‘ .l bromide was the only stable one (see Figure 3.11).
This is because in this configuration the two covalent
Figure 3.11. Bromoimidazoliophane Promine bonds pointed to the area in between them

receptor binding bromide.>? ) ) _ _
which was the perfect size for a bromide anion. The
stable compound has two linear halogen bonds with bromide as the Lewis base holding the

molecule in this conformation.

In another example of halogen bonding directing site-selective binding, a rotaxane system
% was fitted with an iodine atom in the centre where the rotation of the macrocycle actually
occurs (see Figure 3.12). The macrocycle itself features several hydrogen bond donors, and
when a halogen atom was included in the space between the iodine on the dumbbell of the
molecule and the hydrogen bond donors on the
macrocycle, it was found to bind quite strongly, with

a linear halogen bond formed between the iodine and

an anionic bromide, as well as 3 hydrogen bonds

being formed from the macrocycle. It was also noted  Figure  3.12. Rotaxane system
exhibiting anion recognition.>®
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that the type of halide ion affected the binding affinity of the ion. The larger the halide ion, the
more strongly bound it was to the system, with about a ten-fold increase from chloride to

bromide and bromide to iodide.

In terms of systemic biological activity, halogen bonds are not the first thing which come
to mind, as the human body is 80 % water and in aqueous media hydrogen bonding should be the
prevalent interaction to be considered. However, when considering the ways in which the human
body deals with chemicals for which it was not specifically designed, or which it is not typically
exposed to very often, considerations other than those involving typical animal-based organic
material (such as drug molecules) must be made. The primary use of a structural study>*
published in 2011 was to assess the structural features of halocarbon-protein complexes across
all fields of medicine and biology. The main category of these interactions involves medications
which contain covalent halogen atoms, typically chlorine. Since protein is rich in electron donor
sites, there are many possible binding options for drug molecules. Hydrogen bonding is very
commonly used to bind drugs, and so halogen bonding could be used in a similar fashion.
Methionine seems to be a very common binding site for these drugs, since the lone pairs on
sulfur are prime targets for halogen bonds. Also, when disulfide bridges form in proteins, these
areas become a large site for halogen bonding. In one particular protein, it was found that a
halogen bond was actually formed between chlorine and the disulfide bond itself, which is of
course an electron rich area, so this is not too surprising. There is also a separate case which
showed a single bromine atom on a drug molecule bonding with an amino acid in the traditional
more linear fashion and at a right angle with an adjacent water molecule. This type of study is

important primarily because knowing where drug molecules reside in the body once injected or
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ingested is extremely useful in knowing the activity of the molecule, and knowing that halogen

bonding can influence the binding of drugs to proteins is important for drug design.

The last important application which will be discussed here is probably also the broadest
of all the applications so far, self-assembly of crystal systems and nanoparticular systems.
Metrangolo and Resnati have put together a comprehensive overview’ of all things halogen
bonding, and a brief summary of its content will be provided here. The first chapter of the book
deals with halogen bonding in conducting materials. Included in this section is a short account
of some halogen-halide interactions such as will be discussed in the remaining chapters of this
text, but there is also mention of halogenated nitroxides with radicals, and halogenated
tetrathiafulvalenes (TTFs). These compounds show that halogen bonding is important in the
description of the electronic structure of solid materials, and by transmitting magnetic
interactions. This transmission indicates that part of the spin density is delocalized onto the
halogen atoms involved in halogen bonding. The second chapter of the book describes how the
competition between halogen and hydrogen bonding. It goes on to discuss the structure and
chemistry of both the halocarbon and the Lewis base partner, and is an important read for
anybody doing this type of chemistry. It also discussed supramolecular architectures in 1, 2, and
3 dimensions containing halogen bonding. Halogen bonding has been shown to be capable of
driving specific site selection, and even the choice of halogen atom itself is even important in

these systems.*’

In an account published in Supramolecular Chemistry in 2011,%° Resnati et al. showed
that a diiodoperfluorooctane combined with a tetraazahelicene was able to self-assemble into 2D
sheets which contained fluoroalkanes stacked with iodines at each end connecting them to the

azahelices via a pair of halogen bonds. This is another excellent example of halogen bonding
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being applicable to a field where normally it is hydrogen bonding which gets the spotlight.
Chapters 3-7 of the halogen bonding book are less applicable to the scope of this work, but they
describe dihalogen and interhalogen bonding, liquid crystal applications of the halogen bond, gas
phase energetics comparisons of the hydrogen and halogen bond, theoretical trends in halogen
bonding, and X-ray structures of m-halogen complexes with halogen bonds. Many articles in
journals across inorganic chemistry display the work of Metrangolo and Resnati, and they

continue to be the group to follow in advancing this exciting field.
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Chapter 4

Experimental Results and Discussion; X-ray Crystallography and Solid-

State NMR Spectroscopy
4.1 Introduction

This chapter consists of the experimental data associated with a quadrupolar halogen SSNMR
and x-ray crystallographic study of mono-halogenated anilinium halide salts. SSNMR was
performed in all cases on the ionic halide atom, and as part of this study, x-ray crystal structures
for 2-bromoanilinium chloride (compound 2) and 3-chloroanilinium bromide (compound 13)
were also collected (see Table 4.1). Of the 27 possible permutations of monohaloanilinium
halides, data are reported here for 21 compounds (see Table 4.2). Discussion of the structures,
halogen SSNMR parameters and their relation to both the structure as well as to halogen bonding

will also be discussed.
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4.2 Synthetic Details

All 9 monohaloaniline compounds were purchased from Sigma-Aldrich with purities of
97-99 % and used without further purification.  Hydrohalic acids also came from Sigma-
Aldrich, with concentrations in water of 37 % for HCI, 48 % for HBr, and 57 % for HI.
Compounds are stable in the air and preparation was performed in open air in a fume hood. All
compounds were prepared using a procedure adapted from the literature.>” Synthesis consisted
of mixing each haloaniline with an excess of each hydrohalic acid in turn followed by a period
allowing the salt to precipitate from an ethanol solution and dry completely. Crystals were
grown from ethanol by slow evaporation over several days and their identities confirmed by
single-crystal X-ray diffraction.  Crystals were powdered prior to solid-state NMR studies.
Before NMR experiments, all samples were powdered and packed tightly into 1.3, 2.5, or 4 mm

0.d. zirconium oxide MAS rotors.

Scheme 4.1. General molecular structure of monohaloanilinium halides. X is an electron
density acceptor and D is a donor of electron density. X =CI, Br,l. D=CI, Br, I'.

+
NH3
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4.3 Experimental: X-ray Crystallography

Ilia Korobkov at the University of Ottawa performed the x-ray crystallography. The
crystals of 2 and 13 were mounted on thin glass fibers using paraffin oil. Crystals of both
compounds were cooled to 200.15 K prior to data collection. Data were collected on a Bruker
AXS SMART single crystal diffractometer equipped with a sealed Mo tube source (wavelength
0.71073 A) APEX Il CCD detector. Raw data collection and processing were performed with
APEX II software package from BRUKER AXS.® Diffraction data for both samples were
collected with a sequence of 0.5° @ scans at 0, 120, and 240° in ¢. Initial unit cell parameters
were determined from 60 data frames collected for different sections of the Ewald sphere.
Semi-empirical absorption corrections based on equivalent reflections were applied. >°
Systematic absences in the diffraction data set and unit cell parameters were consistent with
orthorhombic Pca2; (Ne29) for both compounds. Solutions in the non-centrosymmetric space
group for all compounds yielded chemically reasonable and computationally stable results of
refinement. Due to the non-centrosymmetric group and presence of heavy atoms, “floating
origin restrain” was automatically generated during the refinement. The structures were solved
by direct methods, completed with difference Fourier synthesis, and refined with full-matrix
least-squares procedures based on F2  In the structures of both compounds, halogen anions and
anilinium cations are situated in general positions.  All non-hydrogen atoms were refined
anisotropically with satisfactory thermal parameter values. Positions of all the hydrogen atoms
were obtained from the Fourier map analysis, however all hydrogen atoms were treated as
idealized contributions. All scattering factors are contained in several versions of the
SHELXTL program library, with the latest version used being v.6.12.%° Crystallographic data

and selected data collection parameters are reported in Table 4.1.
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Table 4.1. Crystallographic data and selected data collection parameters for 2 and 13

compound 2-bromoanilinium chloride 3-chloroanilinium bromide
) (13)

empirical formula CeH;BrCIN CeH;BrCIN

formula weight 208.49 208.49

crystal size, mm 0.32x0.25x0.21 0.22x0.21x0.18

crystal system Orthorhombic Orthorhombic

space group Pca2; (Ne29) Pca2; (Ne29)

Z 4 4

a, A 15.606(2) 16.1551(5)

b, A 5.4026(7) 5.5958(2)

c, A 8.7865(11) 8.4538(2)

a,° 90 90

B ° 90 90

7, ° 90 90

volume, A3 740.80(17) 764.23(4)

calculated density, Mg/m® 1.869 1.812

absorption coefficient, mm™ 5.816 5.638

F(000) 408 408

O range for data collection, ©°  2.61 to 28.31 3.49 to 28.28

limiting indices h=+20, k=27, 1 =11 h=+421, k=16, 1 = £11

reflections collected / unique 5679/ 1695 8717 /1871

R(int) 0.0246 0.0378

completeness to ® =28.32,%  98.5 99.1

max. and min. transmission 0.3747 and 0.2576 0.4302 and 0.3702

data / restraints / parameters 1695/1/82 1871/1/82

goodness-of-fit on F? 1.084 1.017

final R indices [[>20(])]

R indices (all data)

absolute structure parameter
largest diff. peak/hole, e-A*

R: = 0.0239, WR, = 0.0614
R; = 0.0259, WR; = 0.0623
0.019(14)

0.282/-0.719

R: = 0.0253, WR, = 0.0599
R: = 0.0267, WR, = 0.0606
0.038(9)

0.778/-0.758
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4.4 Experimental: SSNMR details

Data were acquired at the University of Ottawa on 9.4 and 11.7 T wide-bore magnets and
the National Ultrahigh-field NMR Facility for Solids in Ottawa at 21.1 T with a standard-bore
magnet. Experiments at 9.4 and 11.7 T used a 4 mm Bruker HX MAS probe with a low-
frequency capacitor insert for chlorine, while experiments at 21.1 T used a 4 mm HX MAS probe
for bromine and iodine, a 4 mm static X probe for chlorine, as well as a 2.5 mm HX MAS probe
for chlorine and 1.3 mm HX MAS probe for bromine. Spectra were referenced to 0.1 mol/dm®
NaCl in D0, 0.01 mol/dm?® NaBr in D,0 and 0.01 mol/dm?® Kl in DO respectively. Secondary
standards used were solid NaCl (-41.11 ppm) or KCI (8.54 ppm), solid KBr (54.51 ppm) and KI
(192.62 ppm). Pulse widths (n and m/2) were determined using the secondary standard and
selective CT pulse scaling factor calculated using the expression 1/(1 + %2), where | is the spin of
the nucleus. The scaling factor for chlorine and bromine is ¥ and is % for iodine compared to
the cubic salt. SSNMR signals for ***"Cl, Br and **"I were acquired using the Solomon (90/90)
and Hahn (90/180) echo pulse sequences. For the chlorine compounds at 9.4 and 21.1 T sweep
widths of between 250 and 1000 kHz were used, with acquisition times ranging from 1 to 4 ms
with proton decoupling where possible. Recycle delays of 2-5 s were used between scans and
n/2 pulses of 2.5 to 4.5 ps with 36 to 80 us echo delays were used in the acquisition of the

spectrum. 25000 to 55000 transients were collected for these spectra.

For bromine and iodine, sweep widths of 2 MHz were used for all compounds, with
acquisition times ranging from 180 to 301 ps, with proton decoupling used only at 21.1 T.
Recycle delays for these experiments were 0.25 to 0.5 s, with echo delays ranging from 20 to 40
us and 90 degree pulse lengths ranging from 1.15 to 1.6 us. 3000 to 10000 transients were

collected for each piece for these spectra.
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VOCS (Variable Offset Cumulative Spectrum) data acquisition was used when required
for chlorine, bromine and iodine. Offsets were set to 250 kHz for the 90/90 and 90/180
piecewise experiments. Resulting spectra were coadded in the frequency domain to produce the

final spectrum.

SSNMR line shapes were fitted using the WSolids, simulation software which allows for
analytical modelling of CSA and quadrupolar effects simultaneously. All simulated spectra
include only the effects of the central transition. Spectra were fitted using all EFG and CSA
parameters, as well as the Euler angles representing the relative orientations of the two
interactions. Spectral simulation is impacted by the positions of spectral discontinuities rather
than relative intensities of different line shape components. Errors are estimated by manual
heuristic iteration of parameters individually until significant variance from optimal parameters

is beyond the point-by-point resolution of the experimental spectrum.
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4.5 Results and Discussion: X-ray Crystal Structures

The crystal structures of 2-bromoanilinium chloride (2) and 3-chloroanilinium bromide
(13) were solved during the course of this study and some relevant crystallographic and
structural parameters are summarized in Table 4.1 & Table 4.2. Also shown in Table 4.2 are the
space groups and some geometrical information pertaining to the halogen bonding environment
in a larger series of monohaloanilinium halides. The crystal structures of some of these
compounds, as well as the topic of halogen bonding in monohaloanilinium halides have been
discussed previously, most notably by Rissanen and co-workers’* and by Gray and Jones.”” We
therefore focus our brief discussion of crystallographic aspects on how the data for the two new
crystal structures fit into the overall trends. This discussion also reviews relevant structural
features which will be useful in the interpretation of the halogen NMR data (vide infra). Despite
the chemical similarity within the series of compounds shown in Table 4.2, they crystallize from
ethanol in a variety of space groups. The majority of these compounds feature near-linear C-
XeeeD contacts (X =Cl, Br, I, D= CI’, Br’, I). Itis useful to discuss these contacts in terms of a

normalized distance parameter,®’

R= -2 [4.1]

rx+1p

where d is the observed XeseD distance and rx and rp are the van der Waals’ radii®*® of the
halogen (X) and halide (D), respectively. The structures of 2 and 13 exhibit R values near the
two extremes of all the values shown in Table 4.2, at 0.91 for 2, and 1.03 for 13. The latter
compound, while exhibiting an approximately linear C-Cles«Br angle of 164.7°, therefore does
not exhibit notable halogen bonding due to the large value of R. The strongest halogen bonding

interaction is seen for 21 (R = 0.88), which is not surprising as it involves iodine as the electron
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Table 4.2. Compound numbering and some crystal structure and local halogen bonding geometrical information for

monohaloanilinium halides for which either single-crystal X-ray diffraction or halogen solid-state NMR data are available

compound compound name space crystal C-X/A  XeeD/A* (C-XeeeD/ R’
1 2-chloroanilinium chloride Pca2; 57 1.740 3.412 170.6 0.96
2 2-bromoanilinium chloride Pca2; this work 1.899 3.314 170.3 0.91
3 2-iodoanilinium chloride - -
4 3-chloroanilinium chloride P2,/n 57 1.745 n/a n/a n/a
5 3-bromoanilinium chloride - - - - - -
6 3-iodoanilinium chloride - - - - - -
7 4-chloroanilinium chloride P 12i/c1 57,72 1.742 3.635 166.6 1.02
8 4-bromoanilinium chloride P2,/c 73,74 1.892 3.587 165.9 0.98
9 4-iodoanilinium chloride P2;ab 74 2.102 3.405 169.8 0.90
10 2-chloroanilinium bromide Pca2; 75 1.742 3.589 170.0 0.97
11 2-bromoanilinium bromide Pca2; 57 1.893 3.443 170.2 0.90
12 2-iodoanilinium bromide - - - - - -
13 3-chloroanilinium bromide Pca2; this work 1.742 3.838 164.7 1.03
14 3-bromoanilinium bromide P-1 57 1.895 n/a n/a n/a
16 4-chloroanilinium bromide - - - - - -
17 4-bromoanilinium bromide - - - - - -
18 4-iodoanilinium bromide P-1 74 2.102 3.704 158.4 0.94
19 2-chloroanilinium iodide - - - - - -
20 2-bromoanilinum iodide - - - - - -
21 2-iodoanilinium iodide P2/c 57 2.101 3.692 170.2 0.88
24 3-iodoanilinium iodide P 12:/m1 57 2.104 3.782 174.2 0.90

! Compounds 15, 22, and 23 are not listed as we do not report NMR data for them and to our knowledge there is no information on their crystal

structures.

2 Distance of shortest contact. Here, “X” is the covalently bound halogen and “D* is the anionic halide (donor of electron density); X and D may
be different elements.
% Relative XB distance, R = d/(rx+rp), where d is the XeeX- distance and ry and rp are the van der Waals’ radii of the electron density acceptor

and donor.
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density acceptor. It is well-known that iodine typically forms the strongest halogen bonds within
a given series. The C-Xee*D angles range from 158.4° in 18 to 174.2° in 24. The most linear
contact is again observed when iodine is the electron density acceptor. However, overall it is
clear that the halogen bonding interaction in monohaloanilinium halides is rather weak compared
to the more pronounced cases observed when the electron density acceptor is p-
diiodotetrafluorobenzene or other related perfluorinated compound. As noted previously,®” two
compounds in the series for which there are X-ray crystallographic data (4 and 14) do not
exhibit any halogen bonding interaction; this is of interest in the context of the present study to

assess whether this difference is manifested in any of the NMR parameters (vide infra).

It is important to consider that the halide ions in these compounds are typically involved in
various hydrogen bonding interactions with NH groups, in addition to participating in a halogen
bond. As an example, we show in Figure 4.7 the local halide ion environment for 2 and 13. The
interactions seen are typical of many of the compounds in Table 4.2 in that a single near linear

C-XeeeD contact is present, along with three hydrogen bonds to the halide.
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4.6 Results and Discussion: Chlorine-35, Bromine-81 and lodine-127 Solid-State
NMR of Haloanilinium Halide Salts

Figure 4.1, Figure 4.2 and Figure 4.3 contain the **CI NMR spectra of powdered samples
of compounds 1 through 9, acquired under stationary conditions. The central transition, (m, = %
> -¥) of the **Cl nucleus in the chloride anion is observed in each case. The **CI quadrupolar
and chemical shift tensor parameters determined through simulation of the spectra are presented
in Table 4.3. Given the number of parameters required to fully fit the spectra, several steps must
be taken in order to be confident in the accuracy of the parameterization. Spectra should be
acquired at more than one field (9.4 and 21.1 T) and static and MAS spectra (where possible)
will allow for greater confidence in the fits. In the case of chlorine and bromine, there is also a
second isotope of the nucleus (3'Cl, "Br) which gives the same parameters with a slightly
different QCC, due to the different quadrupole moment. This influence, along with a different
magnetogyric ratio, gives rise to a different Larmor frequency (see Table 2.2). Because MAS
removes the effects of CSA from the spectrum, these spectra can be fit using only the isotropic
chemical shift (3iso), quadrupolar coupling constant (Cg), and quadrupolar asymmetry parameter
(ng). These spectra are much easier to be fit because they are defined by only 3 parameters, as
seen in the top rows of Figure 4.1, Figure 4.2 and Figure 4.3. A spectrum acquired at the second
field also increases confidence in the spectral fit because effects of the quadrupolar interaction

and the chemical shift scale differently with the applied magnetic field.
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2-chloroanilinium chloride 2-bromoanilinium chloride 2-iodoanilinium chloride

(d) 21.1 T MAS () 21.1 T MAS

(a) 21.1T MAS

150 0 50 300200 100 0 100 200 -300100 80 680 40 20
8(*Cl) / ppm §(*Cl) / ppm 8(Cl) / ppm
(b) 21.1 T static (e) 21.1 T static (h) 21.1 T static
sim.
exp.
1000 500 0 500 1000 750 500 250 O 250 500 750 200 150 100 50 O 50 -100
8(*°Cl) / ppm 3(*Cl) / ppm §(*Cl) / ppm
(c) 9.4 T static (f) 9.4 T static (i) 9.4 T static
sim.
exp.

3000 1500 O  -1500 -3000 -4500 3000 2000 1000 O -1000-2000-3000-4000 600 400 200 O 200 400 -800
3(Cl) / ppm 8(*Cl)/ ppm 8(*=Cl) / ppm

Figure 4.1. Chlorine-35 SSNMR spectra of 1, 2, and 3.

Several important points may be made concerning the **Cl NMR spectra. These spectra
can span up to several thousand ppm at 9.4 T (as in Figure 4.3 (¢)). An increase in the applied
magnetic field strength going from 9.4 to 21.1 T results in a narrowing of the spectrum and an
increase in signal-to-noise given the same number of scans. As shown in Table 4.3, the value of

CQ(35CI) ranges from 2.12 MHz in 3 to 6.04 MHz in 1, which fits in the range for known
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hydrochloride compounds. The range for these compounds is anywhere from near zero to
approximately 10 MHz (7.1 MHz in aspartic acid HCI®*). Isotropic **CI chemical shifts for the
chloride compounds range from 67 ppm in 8 to 88 ppm in 4, and chemical shift tensor spans
range from 40 ppm in 3 up to 120 ppm in 9. These data also fit within the known ranges for

hydrochloride salts in the literature.
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3-chloroanilinium chloride  3-bromoanilinium chloride  3-iodoanilinium chloride

(a) 21.1T MAS (d) 21.1T MAS (9) 21.1 T MAS

sim. sim. sim.  J

R X W

150 100 5 0 50 -100 -150 -200 150 75 0 75 S50 -225 200 100 0 -100 -200 -300
5(25Cl) / ppm &(35Cl) / ppm 8(3sCl) / ppm

(b) 21.1 T static (e) 21.1 T static (h) 21.1 T static

sim. \
exp. L
50 25 0 2% S0 40 20 0 20 40 50 280 0 250 50
5(3Cl) / ppm 8(35Cl) / ppm 5(3Cl) / ppm
(c) 9.4 T static (f) 9.4 T static (i) 11.7 T static

sim. simJ \ sim. | \
exp. exp. exp.
2% 150 7 0 7% 1500 220 300 200 10w 0 40D 200 -300 15.03 1oloo 500 6 500 -1tlm -15',00 zooo
5(2¢Cl) / ppm 8(25Cl) / ppm 3(25Cl) / ppm

Figure 4.2. Chlorine-35 SSNMR spectra of 4, 5, and 6.

From these data, it is clear that for this series of compounds, there is no inherent SSNMR
parameter that describes or signifies whether or not a halogen bond is present. In these
compounds there are several effects in competition which affect the spectrum. This is not at all
surprising, considering that using the electron density donor as an indirect probe means that any

evidence of halogen bonding is going to be subtle. The only applications of SSNMR to halogen
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bonding thus far***° have used dipolar or J couplings of the Lewis bases involved in halogen
bonds to determine interactions and/or their strengths. No general correlations between bond
angle, distance, or R value (a measure of the overlap of the interactions’ van der Waals radii, see
Chapter 3) were found for these compounds. Compound 4, for example, doesn’t contain any
halogen-halide VDW overlap (see Table 4.2), but there is nothing particularly distinctive about

its *°CI NMR parameters.
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4-chloroanilinium chloride 4-bromoanilinium chloride 4-jodoanilinium chloride

(a) 21.1 T MAS (d) 21.1T MAS (g) 21.1 T MAS

sim. sim.

exp. exp

50 7 0 75 -150 25 -300150 7 0 75 -150 -25 -300 200 100 5 400 200
5(%°Cl) / ppm B3(*Cl) / ppm B(*Cl) / ppm

(b) 21.1 T static (e) 21.1 T static (h) 21.1 T static

exp.

600 400 200 0 200 400 -600 800 600 400 200 O -200 <400 600 800 400 200 F) 20 40
8(**Cl) / ppm 8(*Cl) / ppm 8(*Cl) / ppm
(c) 9.4 T static

(f) 9.4T static (i) 11.7 T static

3000 2000 1000 0 -1000-2000 -3000 4000 3000 2000 10000 O -100 -2000-3000-4000 900 600 300 0O -300 -600 -900 -1200
8(*Cl) / ppm 8(*Cl) / ppm 8(**Cl) / ppm

Figure 4.3. Chlorine-35 SSNMR spectra of 7, 8, and 9.
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Table 4.3. Experimental **CI quadrupolar and chemical shift tensor parameters

compound lC/QI\(;ic':ZI)l diso/ PPM  Q/ppm K al® pl° yl°
1 6.04(3) 0.34(1) 70(1) 95(5) -0.2(2) 90(20) 90(5)  0(5)
2 6.01(1)  0.330(5) 79(1) 95(5) -0.5(2) 90(20) 90(2)  0(2)
3 2.12(2) 0.76(1) 75(1) 40(5) -0.1(2) 20(10) 85(5)  0(5)
4 5.30(5) 0.025(5)  88(1) 100(5) -0.8(1) 0(B) 812 0(2)
5 5.37(3)  0.025(5)  85(1) 95(10)  -1(0.1) 0(15) 83(2)  0(2)
6 5.39(55)  0.02(2) 77(1) 90(5)  -0.5(2) 0(0) 85(3) 5(3)
7 6.02(5) 0.56(1) 69(1) 115(5)  -1(0.1) 20(20) 90(5) 10(5)
8 5.60(5) 0.60(1) 67(1) 90(5) -0.4(1) 75(10) 78(2) 12(2)
9 4.33(7) 0.38(1) 71(2) 120(5) 0(0.1) 55(10) 90(5) 0(5)

 Error bounds are in brackets. Parameter definitions can be found in Chapter 1 & Chapter 2.
b Although Cq may take any real value, |Cq| is measured using SSNMR experiments.

Inspection of data acquired for the bromide compounds shows that this series had a larger

Cq range than the corresponding chlorides, even taking into account the larger quadrupole

moment of bromine, which would only account for a proportionally larger Cq range. Cq values

in the bromine compounds in this series range from 12.3 to 45.3 MHz, which is also in the range

expected for bromide salts.*® Isotropic chemical shifts for the 8 compounds range from 100 to

250 ppm, which falls in the typical range for bromides as well. Finally, spans for the series

started at 75 ppm ranging all the way up to 340 ppm, which is quite high, fairly atypical of

hydrobromides, whose shifts normally occur up to about 250 ppm.?
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2-chloroanilinium bromide 2-bromoanilinium bromide 2-iodoanilinium bromide

(g) 21.1T MAS
() 21.1 T static

sim. *

(a) 21.1 T static (e) 21.1 T Static

450 30 150 0 150 <300
S(*'Br) / ppm

sim.
exp l
3000 1000 O  -2000  -4000 3000 2000 1000 0 -1000-2000-3000-4000 750 500 250 O  -250 500

5(*'Br) / ppm 3(5'Br) / ppm 8(°'Br) / ppm

(b) 11.7 T static (d) 11.7 T static (f) 9.4 T Static

15000 5000 0 -10000  -20000 20000 10000 0 -5000 -15000 -25000 3000 1500 0 1500 -3000
8(*'Br) / ppm 3(%'Br) / ppm 3(®'Br) / ppm

Figure 4.4. Bromine-81 SSNMR spectra of 10, 11, and 12.
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Broadening due to the quadrupolar interaction between the electric field gradient and the
quadrupole moment of ®'Br dominates the NMR spectra. The quadrupolar coupling constants,
CQ(BlBr), are notably larger than those obtained for other organic hydrobromides where halogen
bonding is absent (Cq < 20 MHz) (except L-Leu HBr)."® The identical values of 38 MHz for the
two 2-substituted anilinium salts, when contrasted with the value of 45.4 MHz for the 3-
substituted salt within the space group Pca2;, and the increased value of ng for the latter,
demonstrates that the ®Br quadrupolar tensor is sensitive to this differing substitution which
increases the bromide-halogen distance and slightly decreases the Carny-Xe*Br™ angle (see Table

4.2).
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Figure 4.5. Bromine-81 SSNMR spectra of 13, 14, 16, and 17.
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Table 4.4. Experimental ®Br quadrupolar and chemical shift tensor parameters

ICo(*BNI/

mpoun
compound MHz

diso/ ppmM  Q/ ppm K al® pl° yl°

10 37.95(3)  0.31(5)  135(3) 210(20) 0.2(1) 90(25) 90(5)  O(2)

11 38.0(2) 0.27(1)  155(10) 240(10) 0.0() 45(2)  90(2)  0(10)
12 12.3(2) 0.85(1)  187(5) 75(10) 0.2(2) 65(3)  85(5)  0(5)
13 453(1)  0.665(5) 130(10) 120(30) -0.7(2) 0(25)  75(10) O(15)
14 27.7(2) 0.67(5)  250(10) 340(10) -0.2(1)  90(5)  90(10)  0(2)
16 26.2(1) 0.66(1)  230(10) 220(30) 0.4(1) 90(5)  80(5) 15(10)

17 (site 1) 20.0(1) 1.0(1)  100(10) - - - ] ;
17 (site2)  26.2(1) 0.92(2)  150(10) 190(20) -1.0(1) 5(3)  10(3) 12(3)

& Error bounds are in brackets. Parameter definitions can be found in Chapter 1 & Chapter 2.
b Although Cq may take any real value, |Cq| is measured using SSNMR experiments.
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Figure 4.6. lodine-127 SSNMR spectra of 19 and 20.



Table 4.5. Experimental **’I quadrupolar and chemical shift tensor parameters

ICo(* NI/

mpoun
compound MHz

diso/ PPM  Q/ ppm K al® pl° yl°

19 57.50(75) 0.775(20) 340(10) 300(100) -1.0(0.3) 0(0) 85(5) 25(5)
20  152.50(25) 0.235(20) 250(35) 500(25) -1.0(0.3) 90(15) 90(20)  O(5)

& Error bounds are in brackets. Parameter definitions can be found in Chapter 1 & Chapter 2.
b Although Cq may take any real value, |Cq| is measured using SSNMR experiments.

As for the iodine compounds, there are only representative spectra for two compounds to
show that data can be collected for iodide ions in halogen bonding environments. The iodine
compounds were unstable over time and difficulty was had in forming a powder with iodide as
the halide. The two spectra collected have vastly different parameters, with Cq’s of 57.5 and
152.5 MHz, isotropic chemical shifts of 340 and 250 ppm, and spans of 300 and 500 ppm

respectively for 2 and 3-chloroanilinium iodide.
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4.7 Discussion of experimental data in terms of structure

= -
(a)' 2330A F/C((“ (b) 18A .8

Figure 4.7. Important distances and angles around the halide ion in (a) 3-chloroanilinium
bromide (13) and in (b) 2-bromoanilinium chloride (2). Shown are the C-Xe++D angle, the
halogen-halide distance, and the halide-nitrogen distances.

An analysis of various trends in the NMR parameters in the context of some of the known
crystal structure data (see Figure 4.7 for examples) reveals useful insights into how these
parameters are sensitive to chloride ions which participate as halogen bond electron density

donors.

Since the crystal structures are not yet known for all 21 compounds which comprise this
study, rationalizations must be made for the time being based on comparison to structures which
are known. The crystal structures for 1 and 2 are known, whereas 3’s structure is yet unknown,
so it is possible that their crystal structures could be similar. Compounds 1 and 2 have the same
crystal structure and pack in the same space group, Pca2;, and the two compounds have identical
SSNMR parameters values within experimental error. The only difference between the two
spectra is that there is a 9 ppm shift difference between 1 and 2, with the larger of the two shifts

belonging to compound 2, which has the stronger halogen bond as characterized by its R value
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(see Table 4.2). That being said, compound 3 gives a spectrum which is vastly different from the
other two compounds. Its spectrum is much narrower, i.e., Cq = 2.12 MHz (vs 6.04 and 6.01
MHz for 1 and 2) and ng = 0.76 (vs 0.34 and 0.330 for 1 and 2). The span of the chlorine CS
tensor is also substantially different for 3 (40 ppm) compared to 1 and 2 (95 ppm) and compound
3 has an a angle of 20° whereas 1 and 2 have a angles of 90°. This suggests that compound 3
belongs to a different space group than the other two. This strongly implies that 3 packs in a
space group other than Pca2;, and indeed that the halogen and hydrogen bonding environment
about the chloride ion is different from that found in the isostructural 1 and 2. Taken together,
the data for the series (1, 2, and 3) show that the NMR parameters reflect crystal symmetry and
packing, and also hints that the slightly different XB environment may be reflected in the value
of i, for 1 and 2. Compound 3 cannot fairly be compared to 1 and 2 in terms of &g Or
quadrupolar parameters since they pack in different space groups, so there will be more than

slight differences in halogen bonding to affect the parameters.

Chlorine-35 NMR spectra for the 3-halosubstituted chloride series 4, 5, and 6 are
presented in Figure 4.2. The spectra as well as the NMR parameters determined through spectral
simulations (Table 4.3) strongly imply that these three compounds pack in the same space group
and exhibit similar halogen bonding geometries. The three spectra also look very similar, giving
further credence to the idea that all three compounds have very similar crystalline structures.
The values of CQ(35CI) vary over a small range, from 5.30 MHz for 4 to 5.39 MHz for 6. The
quadrupolar asymmetry parameter for the three compounds is identical within experimental error
(Table 4.3). The CS tensor parameters are also very similar for the three compounds, with small

variations in 8js,. Among this series, a crystal structure is only available for 4. This compound
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packs differently from 1, 2 and 3, in the P2:/n space group. The NMR data point to two
important points. First, it is probable that compounds 5 and 6 are isostructural with 4, pack in
the P2;/n space group, and do not exhibit halogen bonding. Second, assessment of all data in
Table 4.3 shows that the values of Cg, diso, and Q for 4, where it is known independently from x-
ray crystallography that halogen bonding is absent, are not unequivocally sensitive to halogen
bonding such that its presence or absence may be inferred simply by the value of one of these

parameters.

The 4-halosubstituted chlorides (7, 8, and 9) all have known X-ray crystal structures; 7
and 8 pack in the same space group and exhibit similar close contacts around the chloride ion,
while 9 packs in a different space group (Table 4.2). This is distinctly reflected in the form of
their *CI NMR spectra (Figure 4.3) and in the values of Co(**Cl) and ng. For example, 1o =
0.56 for 7, 0.60 for 8, and 0.38 for 9. Compound 7 does not feature a significant halogen bond,
as quantified by the R value of 1.02, while 8 features a long halogen bond (R = 0.98) and 9
features a slightly more substantial halogen bond (R = 0.90). The small difference in R value for
the two isotstructural compounds (7 and 8) is not enough to manifest conclusively in the value of

6iso-

Overall, for the two series of chloride compounds exhibiting halogen bonding (1, 2, 3 and
7, 8,9), it is tempting to correlate the value of CQ(3SCI) with the degree of halogen bonding (as
described by R). It is seen that within these two small series, larger values of Cq are observed for
weaker halogen bonds. This is a tentative conclusion for various reasons, e.g., other factors can

influence Cq particularly when the compounds pack in different space groups.
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To explore whether insight into the HB environment around the bromide ions in these salts
may be gleaned from the CS tensor, relationships with various distance and angles characteristic
of the Br  coordination environment were assessed. Since halide ions are often involved in
several weak interactions simultaneously, and different crystal packing (i.e., space group) may
also influence the NMR parameters, it was essential to study a series of compounds wherein the
major structural variable from compound to compound was the halide-halogen distance. 2-
chloroanilinium bromide, 2-bromoanilinium bromide, and 3-chloroanilinium bromide satisfy this
requirement and they all pack in the Pca2, space group. A single-crystal X-ray diffraction study
was performed as part of this work to determine the structure of the compound 13 (Table 4.1).
The bromide ion is involved in three hydrogen bonds whose distances are essentially invariant in
the three compounds, i.e., the three shortest unique Br-(H)N distances vary by only 0.03, 0.02,
and 0.03 A over the three compounds. The major feature which changes is the Br-X distance,
which increases from 3.443 A in 2-bromoanilinium bromide to 3.589 A in 2-chloroanilinium
bromide to 3.838 A in 3-chloroanilinium bromide. As shown in Figure 4.8, an inverse
correlation between the value of Q(*'Br) of the bromide ion with the shortest halogen-halide
contact is observed. The span for 2-chloroanilinium bromide, 120 ppm, is particularly valuable
because the Br-Cl distance is comparable to the sum of their van der Waals’ radii and so this

value is reflective of the limiting case of a very weak HB interaction in this series of compounds.
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Chapter 5

Computational study of the halide NMR parameters of selected

haloanilinium halide salts
5.1 Introduction to GIPAW-DFT and ONIOM methods

Quantum chemical calculation software has become an integral part of modern chemistry
in the last 10 years.” Due to advances in computer hardware and software, as well as the
ubiquitization of the internet, information technology moves faster than ever. With these
advances have come great strides towards a more complete and precise understanding of the
natural world down to the quantum level. Whether specific computational methods use
parameterization or solid theoretical and quantum physics to model interactions or structure, it is
important for these models to be capable of properly and accurately reproducing experimental
data in order to have any usefulness in chemistry. The ultimate goal of all quantum chemical
modelling software is for it to be able to be used predictively, so that experiments can be
undertaken without the need for expensive chemicals or lab environments which are subject to
experimental or physical errors which can ruin experiments. While there have been great
advances in this type of research, the methods are still far from perfect, though in some cases
connections can be drawn between experimental data and computed results. There are many
different ways of modelling the various interactions chemicals undergo, and as a part of this

study two of these were used.

Theoretical molecular orbital calculations use an ab initio method (sometimes coupled
with other empirical methods) which models small molecular systems with varying possible
degrees of accuracy. In this thesis, the software used to run these calculations is called Gaussian
“09,® and it provides great flexibility in both computational detail and geometric modification.
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Gaussian has many uses, including computation of instantaneous energies, optimization of
geometries, and electric and magnetic properties. It is this last use which will be the most useful
for SSNMR experiments, as NMR is dependent on the electronics surrounding nuclei to measure
their magnetic properties. Gaussian software is able to calculate EFG and CS tensor parameters

with any of a number of possible basis sets.®®®"%

The density functional used in this study is
called B3LYP,” and it is what is called a hybrid density functional. This hybrid functional
incorporates electron exchange-correlation into regular Hartree-Fock (HF) theory, leading to a
more complete description of molecular electronics than would be possible using HF theory
alone. ONIOM, ”° which stands for our own n-layered integrated molecular orbital and
molecular mechanics, is built into the Gaussian software package. It allows for precise control
of different methods and different basis sets for different groups of molecules or parts of
molecules, which can be useful when one nucleus is of interest but the others do not require as
sophisticated a method. Separating the basis sets in this manner is especially important when
trying to use as little computational time as possible, which is nearly always the case when
dealing with large systems. In the case of this work, however, the systems tested are quite small
and thus all atoms were modelled with the same level of theory and basis set. The advantage of
this method 1is its flexibility with regards to the variety of structures which can be used, and the
size of the model system is only limited by computational power and time. The biggest
disadvantage to the use of a cluster model is that it is very physically unrealistic when modelling

real systems because calculations are typically done in vacuo, so solvent or crystalline systems

can be difficult to model accurately.
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The second computational method which will be used to model these systems is
implemented in a software package called Materials Studio. Within this package is a piece of
molecular simulation software called CASTEP, ' which is based on the gauge-including
projector-augmented wave density function theory (GIPAW-DFT). This software is ideal for
modelling the mono-substituted haloanilinium salts, as the method models actual crystal
structures very well, which is particularly important for the calculation of EFG parameters for
ions as are found in these systems. GIPAW-DFT uses plane wave pseudo-potentials to map out
the repeating crystalline structure of typical three dimensional frameworks. It would be
extremely computationally expensive to consider a test system large enough to ensure that the
atoms of interest are being properly modelled in the context of an infinite lattice, and this is not
done. To use minimal computing time, crystalline systems are represented using periodic
boundary conditions, which models an infinite lattice repeating the structure of one defined
group of atoms. In the case of x-ray diffraction crystal data, because these data are already
solved in terms of a three-dimensional unit cell, it is extremely simple to implement periodic
boundary conditions. Because of the way plane waves are used in GIPAW-DFT, it is very
simple to control the convergence of calculations using only one parameter, the cut-off energy.
This parameter can be increased in order to model crystal data with increasing accuracy. With
this simple parameter, convergence tests become as quick as increasing the energy cut-off
incrementally until no change in parameters or NMR energy values are found. Because of
periodic boundary conditions, calculations on crystal data are much more accurate, but there can
be downsides to performing calculations with this method. For example, if modifications to the
unit cell are attempted, since the structure is repeating and models a crystal system, areas devoid
of atoms inside the unit cell are quite small and interactions with nearby molecules will only be
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avoided within a small window. Each method has its benefits and drawbacks, and through the

use of both, a detailed understanding of molecular environments is possible.
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5.2 Computational Details

Calculations were performed on all compounds whose crystal structures were known (see
Table 4.2). CASTEP software was used to model all compounds which have crystal structures,
and a subset of those compounds were also modelled using Gaussian software to exploit
differences between the two types of calculations. GIPAW-DFT calculations were also
performed with CASTEP wherein the unit cell parameters were systematically modified from 95
up to 105 % of their experimental values in one percent increments to model differences in
intermolecular distances inside a crystal lattice without affecting intramolecular bond lengths or
angles. Crystal structures for compounds 1,>’ 2, 4,>" 728,29, 10, 11,°" 13, 14,°" and 18™
were used without optimization and, in a second set of calculations, with hydrogen atom
optimization. Ultra-fine cutoff energies were used for all GIPAW calculations, unless those
would not converge, and in those cases fine cutoffs were used. k-point fields for these
calculations were predetermined by CASTEP along with the cutoff energies based on unit cell
size. The basis sets used for Gaussian calculations were 6-311++G** with the B3LYP hybrid
functional. For bromine, to compare magnetic shielding and chemical shift data directly, the
calculated SSNMR isotropic chemical shift from KBr was used, since it has a reference chemical
shift value for comparison. While this method does allow the comparison of calculations and
experiment, ideally the magnetic shielding value for a bare ®Br nucleus would be calculated (as
has been done for chlorine-35, see Chapter 2) to give a more explicit comparison between

magnetic shielding and chemical shift, though this has not yet been accomplished.
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5.3 CASTEP GIPAW and Gaussian B3LYP DFT analysis of the NMR parameters

of selected haloanilinium halide salts

Computations using CASTEP and Gaussian software were carried out on all compounds

for which crystal structures have been solved. This includes five chloride containing

compounds, numbers 1, 2, 4, 8, and 9. For the chlorine compounds (see Table 4.3 for

experimental data and Table 5.1 for computed data), Cq is consistently underestimated by

CASTEP calculations to approximately 70 % of experimental values. Trends for the quadrupolar

asymmetry parameter, chemical shift span and skew are followed with generally good

agreement, and isotropic chemical shifts are overestimated systematically by 40-50 ppm from

experiment. There is little agreement between experimental Euler angles and ones calculated

and parsed from CASTEP calculations.

Table 5.1. Calculated **CI quadrupolar and chemical shift tensor parameters

compound Co(*>Cl)/MHz 79  dio/ ppm Q/ppm K al®  pl°  yl°

1 4.21 0.42 113.2 100.2 -0.41 49.3 85.3 7.1

2 4.25 0.54 132.1 96.2 -0.60 58.4 16.9 18.1

4 3.83 0.13 136.2 94.5 -0.65 108.1 734 2.1

7 3.43 0.65 74.0 124.7 -0.38 32.6 74.7 159.7

8 3.91 0.69 102.6 78.1 0.07 1405 293 329.9

9 3.36 0.34 121.0 101.0 0.26 82.9 13.6 209.6
Table 5.2. Calculated ®Br quadrupolar and chemical shift tensor parameters

compound Co(*'Br)/MHz 79 Jio/ppm Q/ppm  « al® ple° yl°
10 -30.94 0.61 30.9 203.9 -0.29 53.5 85.6 358.8
11 -35.49 0.23 91.4 2135 -0.64 190.6 84.9 1.7
13 -38.17 0.87 10.3 179.8 -0.71 184.0 62.6 345.1
14 -14.48 0.68 91.5 235.7 0.22 244.5 83.6 28.7
18 -14.10 0.82 81.6 90.0 0.08 80.8 83.1 10.7
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In examining the results of the bromide compounds’ calculations, Cq is again
overestimated, although the differences are much less systematic (See Table 5.2). The
experimental values for the quadrupolar coupling range from double calculated values (in
compound 14) up to being nearly equal (in compound 11), showing that there is correlation
between these two data types, but precise calculated values are not systematically similar to
experimental ones. Trends in experimental quadrupolar asymmetry are also seen in calculated
asymmetries, and though some bromide CS tensor spans are overestimated while others are
underestimated, overall trends still match (see Table 4.4 & Table 5.2). Because there is no
absolute shielding scale for bromine (see Chapter 2), comparison of isotropic shifts between
experiment and calculations require a set of calculations performed on a standard compound, in
this case KBr(s), and errors from 50-100 ppm are seen for these calculated shifts. Euler angles
are no better than for chlorine and show no correlation to experiment (see Table 4.4 & Table
5.2). Comparison between experiment and calculations for iodine is not possible at this time

because no compounds in the series have both NMR and crystal data.

Table 5.3. Calculated **’I quadrupolar and chemical shift tensor parameters

CQ(127|) / . o o
compound MHz 7l giso | pPpM  Q/ ppm K al pl y/
21 103.85 0.618 4748.74  209.91 -0.12 93.9 87.6 38.2
24 -363.62 0.198 2168.33 6873.04  0.79 270.0 15 180.0

CASTEP data for these compounds also included quadrupolar and chemical shielding

parameters for the covalently bound chlorine, bromine or iodine, giving an indication of what
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collection of this data would require in terms of spectrometer time and to consider hardware such
as probes (which only tune to certain ranges of frequencies). It also gives some indication (based
on calculated values) what kind of parameters would be expected should NQR experiments be
done. While this data is indicative of possible future SSNMR experiments, the values for these
covalent halogens must be taken with a grain of salt, because no experimental data exist to
compare these results to. Using the calculated EFG parameters (Cq = -69.94 MHz; ng = 0.101)

for compound 1 in an NQR experiment, along with the equation:’®

C No?
Vo =7Q /1+% [5.1]

for the quadrupolar frequency gave a value of -35.03 MHz, which is nowhere near the expected
quadrupolar frequencies for similar systems,’” which is around 30 MHz. In performing this
NQR experiment, frequencies between 30-45 MHz were sampled, and no quadrupolar resonance
signal was found. In this light, calculated covalent halogen parameters were deemed

unimportant and were not included in this study.

Comparisons between GIPAW-DFT and Gaussian calculations were made to
experimental data to try to establish connections between crystal structure data and NMR
parameters (see Figure 5.1). Since NMR experiments for quadrupolar nuclei can be quite time
consuming, it is useful to have some indication of the parameters which are to be expected for a
given nuclear environment. When multiple sites are involved it can also be beneficial to have
some idea of how many sites to expect and the differences in parameters between them.
Currently the level of adherence of calculations to experiment is generally good, though some

specific deficiencies are known. For example, computed quadrupolar coupling constants for
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chlorine underestimate experimental values by about 25 %. It is these issues which continue to
restrict the use of crystallographic DFT calculations to being moderately useful as opposed to
predictive, though with continued modification and improvements to the software these
inconsistencies will one day be a thing of the past. Presented in Figure 5.1 is a series of graphs
showing correlation between experimental and computed parameters for quadrupolar coupling

constant, chemical shift span and isotropic chemical shift.
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Figure 5.1. Comparison between (a) the
experimentally ~ determined  quadrupolar
coupling constant (x axis) and the gauge-
including projector-augmented wave density
functional theory (GIPAW-DFT) calculated
values (y axis) for the compounds for which
both data exist. Data for 6 of the chloride
salts are presented as filled diamond symbols
(#) and for 4 of the bromide salts are shown as
filled diamond symbols (¢).  Analogous
isotropic chemical shift and chemical shift
tensor span data are presented in panels (b)
and (c), respectively. The lines of best fit for
the bromine data (bromine-81) are represented
by solid lines.

Co(calc) = 1.39Cq(expt) — 22.10; R = 0.949.
Q(calc) = 0.255Q(expt) + 150.3; R = 0.998.
Siso(calc) = 0.5325is0(expt) — 33.07; R = 0.714.
The dashed lines represent y = Xx.
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5.4 Trends and insights into correlating structure and SSNMR parameters

From the experimental and calculated parameters for the chlorine and bromine
compounds, trends can be pieced together using several series of three compounds varying only
one molecular component. In this way, the impact of varying the covalent halogen atom (CI, Br
or 1), the position (2, 3 or 4) of the halogen on the aniline ring, and the halide ion which acts as
the Lewis base in the crystal structure can be tested. These three changes which can be made are
all good indicators of how halogen bonding affects the NMR parameters of the halides. It is well
known that halogen bonding gets stronger as the halogen participating increases in size> (Cl <
Br < 1) and so comparing three compounds bearing each of these atoms in sequence should give
an indication of whether halogen bonding plays a role in the magnitude or direction of the
interactions. Even further along this thread of logic, if a given series of compounds was found
to be very similar crystallographically save for minor intramolecular structural differences, any
differences in NMR parameters could logically be attributed only to those minor structural
changes. In the event, as above, where the changes made to the structure involving different
halogens, in effect, changing the halogen bond strength, any changes to NMR parameters can be
attributed to a changing halogen bond length or angle. This secondary halogen bond probe
(since the atom of study is not strictly the “halogen” in halogen bonding) is a nice handle for

gauging halogen bond strength in these systems.

The impact of halogen versus hydrogen bonding was tested with calculations using both
GIPAW-DFT and B3LYP hybrid DFT quantum mechanical methods. First, preliminary
calculations were performed with unmodified crystal structures and then with hydrogen atom

optimized structures, to judge whether hydrogen optimization had any effect, positive or
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negative, on the NMR parameters. After these two series of calculations, it was shown that
proton optimization of the crystal structures had a negative impact on the calculated parameters
(in all cases at least doubling Cq values and giving worse data than the non-optimized
structures), in most cases doubling or tripling the Cq to the point that the results were
meaningless. This probably means that there is an underlying reason why the optimization was
ineffective for these compounds, or perhaps there just was not enough time given in the
calculation to allow the proton positions to fully optimize. In any case, all further calculations

were performed using the un-optimized original crystal structures.

The first set of calculations performed included four sample crystal structures, those of
compounds 1, 2, 4 and 10. Using CASTEP (GIPAW-DFT) software inside Materials Studio, the
unit cell parameters (a, b, and c) were modified systematically to vary from 95 to 105 % of their
original size in increments of 1 %. This change in distances affected only the intermolecular
interactions while leaving all intramolecular distances unchanged. Since intermolecular
interactions are the desired area of study in the series, this is the first step in isolating the effects
of halogen bonding in these systems. Since all intermolecular interactions are varied in the same
way, the effects of both hydrogen as well as halogen bonding should get correspondingly weaker
or stronger at the same time. Also, in compounds where weaker halogen bonds exist but
hydrogen bonds are still relatively strong, it may be possible to watch the effects of the halogen

bond shift from strong to weak or from weak to absent.

From these studies, and in Figure 5.3 below, the general trend in chemical shift tensor
parameters is that as the intermolecular interactions (the hydrogen and halogen bonds) increase

in strength, span and isotropic shift both increase. In other words, as all of the intermolecular
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Scheme 2. Sample bonding scheme showing modifications

to halogen — halide distance and carbon — halogen — halide
angle. Pictured is compound 11 as a sample cluster model

with surrounding molecular groups having been removed for

clarity. Red atoms are bromine. Modifications
corresponding to (a) are shown in Figure 5.4 & Figure 5.5,
while those corresponding to (b) are shown in Figure 5.6.

bonds increase in length, span
and isotropic shift decrease.
With this data set, the effects of
hydrogen and halogen bonds on
their own must also be
measured. In order to do this, a
software cluster model was

employed.

The effects of
intermolecular bonding were

tested by creating a cluster

model which takes into account the cationic anilinium groups surrounding the halide atom. A

model compound was chosen for these calculations, 2-
chloroanilinium bromide. The groups are arranged
exactly as they are in the corresponding crystal
structures, but without the repeating structure. This
arrangement allows for the removal or modification of
individual aniline rings which interact with the halide
atom, allowing for the isolation of effects due to

hydrogen and halogen bonding. First, adjusting only the

linear halogen bond

Figure 5.2. Bonding environment
surrounding anionic halide in
compound 10 with hydrogen bonded
NH groups shown in ball and stick
form for clarity.
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Figure 5.3. Isotropic chemical shift dependence of chloride and bromide compounds based on modified
crystal structures based on Scheme 2(a). Relationship for compound 1 is shown in (A), compound 2 is
shown in (B), compound 4 is shown in (C), and compound 10 is shown in (D).
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171 -
170.5
170

y = -30.245x + 312.96
R2 = 0.9998

354 356 3.58 3.6 3.62 3.64
Shortest CI-Br Contact / A

(b) 2721

R2=0.9982

2719 -
2718 -
2717 -
2716 -
2715 -

Magnetic Shielding o;,, / ppm

2714

354 356 3.58 3.6 362 3.64
Shortest CI-Br Contact / A

Figure 5.4. Cluster model (Scheme 2(a)) of compound
11 adjusting only the linear halogen bond length while
keeping hydrogen bonds and all angles the same.

length while keeping the angles the
same ((a) from Scheme 2), in
increments of 0.02 A, we find that
the span and shift follow the same
trend as in the CASTEP calculations,
with both the span and isotropic shift
decreasing by a few ppm over the 0.1
A range (see Figure 5.4). This trend
matches what was seen in the
bromide compounds packing in the
Pca2; space group with respect to

halogen bond length (see Figure 4.8).

The next set of calculations
isolates the impact of the hydrogen
bonds in the crystal structure,
through the same procedure as above
using the B3LYP hybrid density
functional method. The difference

with these calculations is that since

there are three hydrogen bonds in the compound, all hydrogen bonds are modified by 0.04 A in

either direction in 0.01 A increments, again keeping all bond angles the same. The trend from

this series of calculations for both span and isotropic shift also follow the same trend as in the
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Pca2; space group series (compounds 10, 11, and 13) from the crystal structures, which is that
both span and isotropic shift decrease with

increasing hydrogen bond length (see

Figure 5.5). 177
(a)
176 -
After all of these calculations 175 -
trying to find a trend relating NMR ~ E oo |
rying to find a trend relating S 173 -
. . =~ 172 -
parameters to halogen bonding, it a
171
. . =
seems as though span and isotropic @ 170 -
169 -
shift are connected to intermolecular 168 4 Y =-216.52x+948.28
167 R?=0.9996
bond lengths in crystal structures, 166

356 357 358 359 36 361 3.62

though halogen bonding is not the
Average Hydrogen Bond / A

only interaction which affects

parameters, as hydrogen bonding (b)) 2726
. E 2724 -
also has a noticeable effect on 2
~ 2722 -
parameters. ldeally these would give g 9720 -
c
slightly different effects, but this is S 2718
[<B]
e 4
just not the case. <g 2716
E 2714 -
The next step taken in the § 2712 -
series of calculations based on these 2710 : : : ' '
356 357 358 359 36 361 3.62
crystal structures brings us back to Average Hydrogen Bond / A

the GIPAW DFT approach. It was
PP Figure 5.5. Cluster model (Scheme 2(a)) of compound

11 adjusting only the hydrogen bond length (N-Br)
while keeping halogen bond and all angles the same.
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suggested that perhaps keeping the unit cell at a constant size and moving the bromide so as to

change the angle of the halogen bond would allow some determination of the factors influencing

the halogen bonding.

It is well-documented that in halogen bonding cases such as these that the strength of the

150 160 170 180 190
Halogen Bond Angle (°)

(b) 180.0

c 160.0 -
8 1400 -
751200 -
100.0 -
80.0 -
60.0 -
40.0 -
20.0 -

0.0

Isotropic Shift &

150 160 170 180 190
Halogen Bond Angle (°)

Figure 5.6. Cluster model (Scheme 2(b)) of compound
11 adjusting the halogen bond angle while keeping
halogen bond length and all other angles the same.

bond drops off as its angle deviates
from linearity®®. However, in these
structures, there is very little empty
space to attempt to modify the
halogen bond angles and so the unit
cells for these calculations have been
expanded in all three dimensions to
105 % their original size. With this
extra room, it is easy to move the
halide in increments of 5 degrees in
the plane of the benzene ring ((b) in
Scheme 2) over a total range of 10
and 30 degrees in a bromide and
chloride compound, respectively,
without any interference  with
adjacent molecular groups.

From these data (see Figure

5.6), it is clear that there is a strong
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dependence of the NMR parameters on the angle of the halogen bond. The NMR energy given
as part of GIPAW DFT calculations also show that the structure seems to be the most stable at
the actual angle of the halogen bond, and this energy increase with divergence from the optimal
halogen bond angle could suggest that a weakening of the halogen bond is the cause of this

higher energy.
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5.5 Correlation of span and isotropic shift to halogen bonding in Pca2, space
group

There are several compounds in this study which pack in the Pca2; space group
(compounds 10, 11 and 13, see Table 4.2 & Figure 4.8). These compounds pack in much the
same way regardless of the atomic connectivity or the halogen atoms involved. The local
environment surrounding the halide ion in the compounds studied consists of three linear
hydrogen bonds between amide protons on the aniline and the ionic halide (see Figure 5.2).
These hydrogen bonds form a planar equilateral triangle with the halide in the centre; whereas
the linear halogen bond in all compounds but 14 range from 160-180 degrees from the covalent
halogen and is typically near perpendicular to the hydrogen bonding plane. In theory this
perpendicular arrangement between the hydrogen bonding plane and the halogen bond axis
should put the two interactions at odds with one another, and should allow for the possibility of
comparing the strengths of the competing bonding paradigms. Within the subset of structures
which are a part of this space group, the halogen and hydrogen bond lengths change by different
amounts. The hydrogen bonds vary in length by only 0.02-0.03 A between bonds in the same
compound, a distance which is almost insignificant even on the molecular scale. On the other
hand, halogen bonds in the compounds vary by tenths of Angstroms, up to about a half Angstrom
from shortest to longest. These changes even manifest themselves in compounds where the
covalent halogen doesn’t change, as is the case with the three bromine compounds packing in the
Pca2; space group (compounds 10, 11 and 13, see Table 4.2). As shown in Figure 4.8, from the
experimental data available so far there is a relation between the chemical shift span of bromide
ions as compared to the length of the halogen bonds they participate in. Since the three

compounds described all pack in the same space group and have very similar hydrogen bonding
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environments, the only remaining factor which seemingly would be able to affect the NMR

parameters is the halogen bond.

Given the error bars on the experimental data, we set out to computationally corroborate
the experimental findings, and to ensure that the substantial change in Q(®'Br) is in fact largely

associated with a change in the halogen-halide contact. First, the experimental trend was

confirmed via gauge-including

e 260 120

S 240 - - 100 projector-augmented wave
= 220

S 500 - - 80 ¢ (GIPAW)  DFT  calculations
n Q.

£ . - - .

= 180 * 00 < \wherein the crystal structures of
% 160 - - 40 oéﬂ

2 140 - i A the compounds are modeled using
S 120 - 20

e T o 78
S 100 | | | | 0 periodic boundary conditions.
B 34 35 3'6_ 3.7 38 39 Computed values of Q(®'Br) are of
X-Br Distance / A

the correct order of magnitude and

Figure 5.7. Plot of experimental bromine chemical shifts
(triangles), bromine chemical shift tensor spans (squares),
and GIPAW-DFT calculated spans (diamonds) as a i
function of the shortest X-Br distance (d) in 2- ftrend (Figure 5.7).  Computed
chloroanilinium bromide, 2-bromoanilinium bromide, and ) ] L

3-chloroanilinium bromide. The line indicates a linear fit Oromine  magnetic  shielding

to the experimental span data; Q / ppm = -310d + 1313; R )
=0.99. constants also substantiate the

clearly follow the experimental

experimental trend in bromine chemical shifts.

Next, a cluster model of 2-chloroanilinium bromide, which includes the central bromide
ion and the aromatic moieties which are involved in hydrogen and/or halogen bonding with the
central ion, was built on the basis of the known atomic coordinates and the bromide-chlorine

distance was systematically varied by displacing an intact haloanilinium group, leaving the
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remainder of the model unchanged. These results also unequivocally show that Q(®'Br) and
Siso(*'Br) decrease with increasing bromide-chlorine distance, further substantiating the

experimental findings.

This chapter and the one preceding it describe data collected over the course of an
SSNMR and computational study of haloanilinium halides and the analysis of that data.
Benchmark chlorine-35, bromine-81, and iodine-127 SSNMR data were collected and fit to
extract EFG and CS tensor parameters (see Section 4.6). Trends correlating these parameters to
space group (see Figure 4.8) as well as to structure are shown. Calculations performed on the
compounds in the study for which crystal structures exist show that there are correlations
between experimental and calculated values for chlorine and bromine. Further calculations also
showed relationships between halogen bonding parameters such as bond length and angle. These
trends all show that as the halogen bond gets shorter (and stronger) that chemical shift and span
both increase linearly, at least for compounds 10, 11, and 13, where the space group is Pca2; and
so direct comparison is possible. Thus far there is no direct correlation between SSNMR and
halogen bonding in general, but the relationship described here (also see Figure 4.8) shows that

trends between experimental halogen bonds and SSNMR parameters do exist.
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Chapter 6

Conclusions and Future Work
6.1 Conclusions

This study of mono-substituted haloanilinium halides offered 21 compounds which had
the potential to employ halogen bonding in their crystal lattices. While some manner of
hydrogen bonding was present in all compounds, many did not contain a halogen bond and of
those which did, some were quite weak. Benchmark chlorine-35, bromine-81, and iodine-127
SSNMR data were collected and fit for 18 compounds as a part of this study, with all but one
(compound 20) being studied at more than one applied magnetic field. In each case, it was the
anionic halide studied by NMR. These data show that collection of SSNMR data from
compounds with these types of halide environments can be achieved, due in no small part to the
Ultrahigh Field NMR Facility for Solids in Ottawa. With this ultrahigh magnetic field, even
ultra-wide line shapes such as those found in these compounds can be properly collected and
simulated. Also, at high field the EFG is no longer the dominating influence on the line shape,

and CS tensor effects begin to show comparable influence on the spectra.

All of the data for chlorine, bromine, and iodine fit into the known ranges for Cq, span
and chemical shift (see Table 4.3, Table 4.4, and Table 4.5 and Chapter 2 & Chapter 4 for full
comparisons), which is not surprising since environments similar to these, such as in the amino
acid hydrohalides, have already been studied. In terms of the x-ray crystal structure data, some
trends between structure and NMR parameters were found. For example, the experimental
chemical shift span was shown to correlate with the shortest halogen bond contact in a series of

three bromine compounds which pack in the same Pca2; space group. It was also shown,
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however, that there is no obvious or inherent connection between any of the NMR parameters
and the existence of a halogen bond, nor any general trend between any of the parameters and the

bonds’ strength.

GIPAW-DFT and B3LYP hybrid DFT calculations of the EFG and CS tensor parameters
were also performed as part of this study, and these showed that calculations of this type are able
to predict trends in most SSNMR parameters. A more complete view of the variation in NMR
parameters was gained through CASTEP calculations which looked at each x-ray crystal
structure, and with variations in the crystal structure. There were also Gaussian calculations
which used a cluster model to simulate different hydrogen and halogen bonding geometries
based on both halogen bond distances and angles. Based on these trends, it can be seen that both
chemical shift span and isotropic shift can be related to halogen bond length, both in experiment

and with calculations.

In summary, this study shows that it is possible to acquire SSNMR data for the
quadrupolar halide anions in the haloanilintum halides, and that by simulating these data
meaningful EFG and CS tensor parameters can be extracted from the spectra. Crystal structures
from these compounds also show that many of them have short halogen bonding-type
interactions and that CS tensor parameters are somewhat sensitive to changes in halogen bond
length. In addition, DFT calculations performed on the same compounds showed similar trends
in CS tensor parameters, but these trends were limited to a series of compounds packing in the

same space group, and could not be more broadly applied.
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6.2 Future Work

The future of quadrupolar halogen SSNMR has many possibilities to explore, as there are
almost an infinite number of compounds available for study with this technique. However,
realistically, NMR time is extremely limited, and therefore choices much be made as to which
compounds are studied, and so it is up to spectroscopists to decide which series of compounds
are pertinent and useful in chemical and physical applications. Since halogen bonding is an
important interaction in contemporary structural chemistry, these compounds have been deemed
useful for study. Though there are many more compounds which can be studied to describe this
kind of bonding better, it would be extremely beneficial to develop a method to use the covalent
halogen atom to assess its nuclear environment. It has been proposed that nuclear quadrupole
resonance (NQR) be used as a probe of halogen bonding in any important compounds, and at
least in theory it seems as though this shouldn’t be too difficult, though in practice probe tuning
ranges and tedious, time-consuming signal searching must be performed. The reason SSNMR
would not work on the covalent halogens in these compounds is that give rise to extremely broad
spectra, which take an inordinate amount of time to collect and would have an extremely low
signal-to-noise ratio. NQR was attempted on these compounds but no signal was found, due to
the low quadrupole resonance frequency of the chlorine nuclei in earth’s (zero) magnetic field.
Therefore, for the time being, halogen SSNMR seems to remain the best method for determining

the effect of the halide atom on halogen bonding in similar environments.

That being said, there are other methods for more closely investigating the halogen bond.
First, it is possible to study the ipso-carbon by NMR or SSNMR, that being the carbon to which

the covalent halogen is attached. Though the changes to the actual carbon-halogen bond itself
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may be very small on formation of a halogen bond, NMR is very useful for detecting these small
changes in electronics. In addition, using a series of compounds which contain stronger halogen
bonds would cause larger changes in the covalent carbon-halogen bond, which would have more

of an effect on the NMR parameters of the ipso carbon atom.

A second strategy which would be more difficult to implement but would also give more
useful results would be to find a series of compounds analogous to the haloanilines but which do
not contain hydrogen bonds. In so doing, the results of halogen bonding alone could be
separated from those of hydrogen bonding, and changes in SSNMR parameters could more
convincingly be applied to halogen bonding as opposed to being attributed to a series of different

effects.

A third technique which would allow for a more definitive study of the impact of halogen
bonding on SSNMR parameters would to take the route many crystal engineers have. A large
majority of these studies use perfluorinated molecules and focus only on covalent iodine, which
forms the strongest halogen bonds. Though this does limit the number of compounds and
combinations which are possible to study bonding, it does give an assurance that halogens bonds
which are formed are quite strong, as nearby covalent fluorines are electron-withdrawing and
strengthen the covalent iodine bond. This in turn increases the size of the sigma hole, leading to
the possibility of a stronger halogen bond. In terms of available compounds, this technique
probably makes the most sense, since many iodoperfluorinated organic compounds exist already,
and would be quite conducive to NMR studies provided the choice of Lewis base was restricted

to a group or atom amenable to SSNMR studies, such as the quadrupolar halogens.
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Appendix

Appendix A
Crystallographic Information Files

CIF File for Compound 2
data db006a

_audit creation method
_chemical name systematic
?
_chemical name common
_chemical melting point
_chemical formula moiety
_chemical formula sum
'C6é H7 Br Cl1 N'
_chemical formula weight

loop
_atom type symbol
_atom type description

_atom type scat dispersion real
_atom type scat dispersion imag

_atom type scat source
'ct'c! 0.0033 0.0016

SHELXL-97

208.49

'International Tables Vol C Tables 4.2.6.8

'H' 'H' 0.0000 0.0000

'International Tables Vol C Tables 4.2.6.8

'N'"  'N' 0.0061 0.0033

'International Tables Vol C Tables 4.2.6.8

'clt 'clt 0.1484 0.1585

'International Tables Vol C Tables 4.2.6.8

'Br' 'Br' -0.2901 2.4595

'International Tables Vol C Tables 4.2.6.8

_symmetry cell setting

_symmetry space group name H-M

loop

_symmetry equiv_pos_as_ xyz
'%, y, z'

'-x, -y, z+1/2"

and

and

and

and

and

Orthorhombic

Pcaz2 (1)
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'x+1/2, -y, z

'-x+1/2, vy, z+1/2"
~cell length a 15.606(2)
~cell length b 5.4026(7)
_cell length c 8.7865(11)
_cell angle alpha 90.00
_cell angle beta 90.00
_cell angle gamma 90.00
_cell volume 740.80(17)
~cell formula units Z 4
_cell measurement temperature 200 (2)
_cell measurement reflns used 3447
_cell measurement theta min 2.61
_cell measurement theta max 28.22
_exptl crystal description block
_exptl crystal colour white
_exptl crystal size max 0.32
_exptl crystal size mid 0.25
_exptl crystal size min 0.21
_exptl crystal density meas ?
_exptl crystal density diffrn 1.869

_exptl crystal density method

_exptl crystal F 000

_exptl absorpt coefficient mu
_exptl absorpt correction type
_exptl absorpt correction T min
_exptl absorpt correction T max
_exptl absorpt process details

_exptl special details

4

408
5.816
multi-scan
0.2576
0.3747
' SADABS,

Bruker

'not measured’

(2003) "

Data collection is performed with three batch runs at phi =

0.00 deg
(650 frames),
240.00 deg
(650 frames).
Frame width =
Data is merged,
multi-scan

at phi

absorption corrections

reflections

120.00 deg

0.30 deg in omega.
corrected for decay

(if any),

(if required).

are merged for centrosymmetric data.
Friedel pairs are not merged for noncentrosymmetric data.

.
4

(650 frames),

and at phi =

and treated with

All symmetry-equivalent
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_diffrn ambient temperature
~_diffrn radiation wavelength
_diffrn radiation type
_diffrn radiation source

_diffrn radiation monochromator
_diffrn measurement device type

_diffrn measurement method

_diffrn detector area resol mean

_diffrn reflns number

_diffrn reflns av R equivalents
_diffrn reflns av sigmal/netI

_diffrn reflns limit h min
_diffrn reflns limit h max
_diffrn reflns limit k min
_diffrn reflns limit k max
_diffrn reflns limit 1 min
_diffrn reflns limit 1 max
_diffrn reflns theta min
_diffrn reflns theta max
_reflns number total
_reflns number gt

_reflns threshold expression

_computing data collection
_computing cell refinement
_computing data reduction

_computing structure solution
_computing structure refinement
_computing molecular graphics
_computing publication material

_refine special details

.
14

Refinement of F*"2" against ALL

factor wR and

goodness of fit S are based on

are based

reflections.

200 (2)

0.71073

MoK\ a

'fine-focus sealed tube'
graphite

'Bruker APEX-II CCD'

'"\f and \w scans'
5}

5679
0.02406
0.0251
-20

16

-7

.

-11

11
2.61
28.31
1695
1589
>2sigma (I)

'"APEX II, Bruker (2009)"
'APEX II, Bruker (2009)'
'XPREP, Bruker (2009)'
'SHELXS-97 (Sheldrick, 2008)"
'SHELXL-97 (Sheldrick, 2008)'"
'SHELXTL, Bruker (2004)'"
'SHELXTL, Bruker (2004)'

The weighted R-

F~"2”, conventional R-factors R

on F, with F set to zero for negative F"2”. The threshold

expression of

F~27” > 2sigma (F*"2”) is used only for calculating R-factors(gt)

etc. and is

not relevant to the choice of reflections for refinement.

factors based

R-

on F*"2” are statistically about twice as large as those based

on F, and R-



factors based on ALL data will be even larger.

.
4

_refine 1s structure factor coef Fsqgd
_refine 1s matrix type full
_refine 1s weighting scheme calc
_refine 1s weighting details

'calc w=1/[\s"2" (Fo"2")+(0.0397P)"2"]"

_atom sites solution primary direct
_atom sites solution secondary difmap
_atom sites solution hydrogens geom
_refine 1s hydrogen treatment constr
_refine 1s extinction method none
_refine 1s extinction coef ?

_refine 1s abs structure details
'Flack H D (1983), Acta Cryst. A39, 876-881"

_refine 1s abs structure Flack 0.019(14)
_refine 1s number reflns 1695
_refine 1s number parameters 82
_refine 1s number restraints 1
_refine 1s R factor all 0.0259
_refine 1s R factor gt 0.0239
_refine 1s wR factor ref 0.0623
~refine 1s wR factor gt 0.0614
_refine 1s goodness of fit ref 1.084
_refine 1s restrained S all 1.083
_refine 1s shift/su max 0.001
_refine 1s shift/su mean 0.000

loop

_atom site label

_atom site type symbol
_atom site fract x
_atom site fract y
_atom site fract z

_atom site U iso or equiv
_atom site adp type

_atom _site occupancy

_atom site symmetry multiplicity
_atom site calc flag

_atom site refinement flags
_atom site disorder assembly
_atom site disorder group

Brl Br 0.393839(16) 0.25103(4) 0.01832(8) 0.02436(9) Uani 1 1 d
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Cll C1 0.53010¢(4)

0.80842(11)

0.92009(8)

0.02288(13)

Cé6 C 0.28365(18) 0.8305(6) 0.2614(3) 0.0248(6) Uani 1 1 d

H6A H 0.3031 0.9626 0.3238 0.030 Uiso 1 1 calc R

C5 C 0.1972(2) 0.8008(6) 0.2321(4) 0.0315(7) d

H5A H 0.1568 0.9120 0.2754 0.038 Uiso 1 1 calc R

Cl C 0.34229(18) 0.6632(5) 0.1978(3) 0.0191(5) Uani 1 1 d

C4 C 0.16938(19) 0.6081(6) 0.1394(3) 0.0309(7) Uani 1 1 d
H4A H 0.1099 0.5896 0.1190 0.037 Uiso 1 1 calc R . .

C3 C 0.22677(17) 0.4444(5) 0.0769(3) 0.0275(6) Uani 1 1 d
H3A H 0.2073 0.3120 0.0148 0.033 Uiso 1 1 calc R . .

C2 C 0.31408(15) 0.4750(4) 0.1060(3) 0.0211(5) Uani 1 1 d

N1 N 0.43389(15) 0.6927(4) 0.2305(3) 0.0206(4) Uani 1 1 d
H1C H 0.4641 0.5734 0.1808 0.031 Uiso 1 1 calc R

H1A H 0.4428 0.6785 0.3325 0.031 Uiso 1 1 calc R

H1B H 0.4516 0.8445 0.1986 0.031 Uiso 1 1 calc R

loop

_atom site aniso label

_atom site aniso U 11

_atom site aniso U 22

_atom site aniso U 33

_atom site aniso U 23

_atom site aniso U 13

_atom site aniso U 12

Brl 0.03175(15) 0.01654(13) 0.02478(15) -0.00520(8) 0.00359(14)
0.00036(9)

Cll 0.0271(3) 0.0159(2) 0.0257(3) 0.0030(3) 0.0060(3) 0.0011(2)
Co 0.0304(14) 0.0181(12) 0.0259(14) -0.0055(11) 0.0057(11) -
0.0011(12)

C5 0.0277(15) 0.0271(13) 0.0396(18) -0.0056(14) 0.0045(13)
0.0056(12)

Cl 0.0224(13) 0.0155(12) 0.0193(13) 0.0028(10) 0.0031(9) -
0.0001(10)

C4 0.0201(13) 0.0376(17) 0.0349(17) -0.0066(13) 0.0002(11) -
0.0027(13)

C3 0.0292(13) 0.0222(12) 0.0310(14) -0.0051(10) -0.0025(10) -
0.0056(11)

C2 0.0262(12) 0.0170(11) 0.0199(11) 0.0019(10) 0.0037(10)
0.0007(9)

Uani 1 1

Uani 1 1 d
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N1 0.0244(11) 0.0156(9) 0.0218(11) 0.0000(9) -0.0001(9) -
0.0022(9)

_geom_special details

All esds (except the esd in the dihedral angle between two 1l.s.
planes)

are estimated using the full covariance matrix. The cell esds
are taken

into account individually in the estimation of esds in
distances, angles

and torsion angles; correlations between esds in cell
parameters are only

used when they are defined by crystal symmetry. An
approximate (isotropic)

treatment of cell esds is used for estimating esds involving
l.s. planes.

14

loop

_geom bond atom site label 1
_geom bond atom site label 2
_geom bond distance

_geom _bond site symmetry 2
_geom _bond publ flag

Brl C2 1.899(2) . 2
Co C5 1.382(4) ?
Co C1 1.402(4) ?
C5 C4 1.391(5) ?
Cl C2 1.371(4) ?
Cl N1 1.467(4) ?
C4 C3 1.373(4) ?
C3 C2 1.396(3) ?
loop

_geom_angle atom site label 1
_geom_angle atom site label 2
_geom_angle atom site label 3
_geom_angle
_geom_angle site symmetry 1
_geom_angle site symmetry 3
_geom_angle publ flag
C5 C6 C1 119.2(3)
Co C5 C4 120.0(3)
C2 Cl C6 120.2(3)

(2)

LAV VIR VAR I

C2 C1 N1 120.6
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Coe C1 N1 119.2(¢
C3 C4 C5 120.8(
C4 C3 C2 119.1(
Cl C2 C3 120.6(
Cl C2 Brl 120.06(19)
C3 C2 Brl 119.34(19)

LAV ARV IR VAR R}

2)
3)
2)
2)

loop

_geom_torsion atom site label 1
_geom_torsion atom site label 2
_geom torsion atom site label 3
_geom_torsion atom site label 4
_geom_ torsion

_geom torsion site symmetry 1
_geom_torsion site symmetry 2
_geom torsion site symmetry 3
_geom torsion site symmetry 4
_geom_torsion publ flag

Cl Ce C5 Cc4 -0.6(5) . . . . 72
cCbCe Cl C21.0¢4) . . . . 7

C5 C6 C1 N1 -179.2(3) . . . . 2
C6 C5 C4 ¢c3 0.5(5) . . . . 2

C5 C4 C3 C2 -0.8(5)

Coe Cl C2 C3 -1.2(4) ..
N1 C1 Cc2 C3 178.9(2) . . . . 2
Ce C1 Cc2 Brl 179.3(2) . . . . 2
N1 C1 Cc2 Brl -0.6(3) . . . . 2
c4 c3 czclri1.2¢4) . . o .07

c4 C3 C2 Brl -179.4(2) . . . . 2

_diffrn measured fraction theta max
_diffrn reflns theta full
_diffrn measured fraction theta full

_refine diff density max 0.282
_refine diff density min -0.719
_refine diff density rms 0.103

0.985
28.31
0.985
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CIF File for Compound 13

data db002a

_audit creation date 2011-08-26
_audit update record 2011-08-26

_chemical formula sum 'C6 H7 Br C1 N'
chemical formula weight 208.490
refine 1s R factor all 0.027

cell length a 16.1551(5)
cell length b 5.5958(2)
cell length ¢ 8.4538(2)
_cell angle alpha 90.000
_cell angle beta 90.000
_cell angle gamma 90.000
_cell volume 764.2(0)
_cell formula units 7 4
_symmetry int tables number

_symmetry space group name H-M
_symmetry space group name Hall

loop
_symmetry equiv pos site id
_symmetry equiv_pos_ as xyz
1 XrY¥Yrz

2 -x,-y,0.500+z

3 0.500-%,y,0.500+z

4 0.500+x,-y,z

loop

_atom type symbol

_atom type oxidation number
_atom type radius bond

Br ? 1.200
Cl ? 1.200
N ? 1.200
H ? 1.200
C ? 1.200
loop

_atom site label
_atom site type symbol
_atom site fract x
_atom site fract y
_atom site fract z
_atom _site occupancy

audit creation method 'SHELXL-97'

'Pc a 21"
'"P 2c -2ac'
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_atom site symmetry multiplicity

_atom site Wyckoff symbol
_atom site attached hydrogens
_atom site calc flag

_atom site thermal displace type

_atom site u iso or equiv

Brl Br 0.5285(0) 0.6505(0) 0.3443(0) 1.000 4 a ? d Uani
0.03053(8)

Cl2 Cc1 0.8671(0) -0.1602(1) 0.2690(1) 1.000 4 a ? d Uani
0.03625(15)

N1 N 0.5730(1) 0.1548(3) 0.1575(3) 1.000 4 a ? d Uani
0.0302(4)

HIA H 0.5621 0.0209 0.2149 1.000 4 a ? calc Uiso 0.04500
HIB H 0.5475 0.1444 0.0618 1.000 4 a ? calc Uiso 0.04500
HI1IC H 0.5540 0.2854 0.2103 1.000 4 a ? calc Uiso 0.04500
Cl C 0.6626(2) 0.1767(4) 0.1341(3) 1.000 4 a ? d Uani
0.0255(5)

C4 C 0.8311(2) 0.2349(5) 0.0984(3) 1.000 4 a ? d Uani
0.0316(5)

H4A H 0.8892 0.2551 0.0870 1.000 4 a ? calc Uiso 0.03800
C6 C 0.7146(2) 0.0111(4) 0.2020(3) 1.000 4 a 2 d Uani
0.0273(5)

H6A H 0.6934 -0.1207 0.2601 1.000 4 a ? calc Uiso 0.03300
C5 C 0.7995(2) 0.0439(4) 0.1823(3) 1.000 4 a ? d Uani
0.0268 (4)

C2 C 0.6920(2) 0.3703(4) 0.0490(3) 1.000 4 a ? d Uani
0.0319(5)

H2A H 0.6548 0.4827 0.0038 1.000 4 a ? calc Uiso 0.03800
C3 C 0.7763(2) 0.3967(5) 0.0311(3) 1.000 4 a ? d Uani
0.0354 (o)

H3A H 0.7972 0.5277 -0.0282 1.000 4 a ? calc Uiso 0.04300
loop

_atom site aniso label

_atom site aniso U 11

_atom site aniso U 22

_atom site aniso U 33

_atom site aniso U 12

_atom site aniso U 13

_atom site aniso U 23

Brl 0.02778(13) 0.02499(13) 0.03881(12) 0.00289(7)
0.00265(10) 0.00152(15)

Cl2 0.0269(3) 0.0314(3) 0.0505(3) 0.0028(2) -0.0026(3)

0.0070 (3)



N1 0.0257(11) 0.0252(11)

0.0027(7)

Cl 0.0261(12) 0.0215(11)

0.0026(8)

C4 0.0254(11) 0.0318(13)

0.0010(12)

Coe 0.0275(12) 0.0207(11)

0.0019(8)

C5 0.0258(11) 0.0230(11)

0.0012(9)

C2 0.0347(13) 0.0243(12)

0.0064(9)

C3 0.0392(14) 0.0278(12)

0.0091(10)

loop

~_geom bond atom site label 1
_geom _bond atom site label 2

_geom bond site symmetry 1
_geom _bond site symmetry 2

geom bond distance
_geom bond publ flag
clz2 C5 . . 1.742(2)

N1 C1 1.465(3)
Cl Coé6 1.376(3)
Cl C2 1.385(3)
C4 C5 1.380(4)
C4 C3 1.389(4)
C6 C5 1.394(3)
C2 C3 1.378(4)
loop

no
no
no
no
no
no
no
no

_geom_angle atom site label 1
_geom_angle atom site label 2
_geom_angle atom site label 3

_geom_angle site symmetry 1
_geom_angle site symmetry 2
_geom_angle site symmetry 3

_geom_angle
geom angle publ flag

ce cL cz2 . . . 122.
cCe CL N1 . . . 119.
cz2 Ccl N1 . . . 118.
cbc4c3 . . . 118.
cl c6e C5 . . . 117.
c4 C5Ce6 . . . 121.

O O o BN
NN DNDDNDDN

no
no
no
no
no
no

.0397(11)
.0290(11)
.0374(12)
.0336(11)
.0316(10)
.0366(13)

.0393(13)

.0015(7)
.0015(8)
.0068(10)
.0026(9)
.0002 (9)
.0001 (9)

.0065(10)

-0.0001(8)
-0.0010(9) -
0.0017(9)
0.0008(8)
-0.0017(8) -

-0.0022(9)

0.0017(11)
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Cc4 C5 Cl2 . . . 119.4(2) no

Co C5 Clz . . . 118.73(18) no
c3czcr . . . 118.7(2) no
czc3ca . . . 121.0(2) no
loop

_geom_torsion atom site label 1
_geom torsion atom site label 2
_geom_torsion atom site label 3
_geom_torsion atom site label 4
_geom torsion site symmetry 1
_geom_torsion site symmetry 2
_geom torsion site symmetry 3
_geom torsion site symmetry 4
_geom_torsion

_geom torsion publ flag

C2
N1
C3
C3
Cl
Cl
Cob
N1
Cl
C5

Cl
Cl
c4
C4
Cob
Cé
Cl
Cl
C2
C4

Ce C5 . . . . =-0.1(4) no

C6 C5 . . . . -177.4(2) no
C5 Co6 . . . . =-0.5(4) no

C5 Cl2 . . . . =179.5(2) no
C5 Cc4 . . . . 0.1(4) no

C5 Cl2z . . . . 179.14(18) no
C2 C3 . . . . 0.4(4) no

C2 C3 . . . . 177.8(2) no

C3 Cc4 . . . . -0.8(4) no

C3 C2 . . . . 0.9(4) no
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