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Abstract

A new class of fluorous materials was developed to create a hybrid solid-
solution phase strategy for the expedient preparation of *?I-labelled compounds,
without the need of HPLC purification. The system is referred to as a hybrid
platform in that it combines solution phase labelling and fluorous solid-phase
purification in one step as opposed to two separate individual processes. Initial
success was achieved by treating fluorous stannanes, coated on fluorous silica,
with [*°[INal and chloramine-T (CAT) as the oxidant, where the desired
nonfluorous radiolabelled products were isolated in minutes in biocompatible
solutions in high purity (>98%) free from excess starting material and unreacted
radioiodine. This platform was initially developed through a model system based
on a fluorous benzoic acid derivative. The platform was then validated with
simple aryl and heterocyclic derivatives, known radiopharmaceuticals including
meta-iodobenzylguanidine (MIBG) and iododeoxyuridine (IUdR), and a new
agent with high affinity for prostate-specific membrane antigen (PSMA).

The limitation of the platform was the presence of non-radioactive UV
impurities which came from the oxidants employed. To resolve this issue a new
class of fluorous oxidants based on chloramine-T (CAT, F-CAT) were prepared.
F-CAT, was prepared in 87% overall synthesis yield from commercially available
starting materials and found to be effective in labelling arylstannanes and proteins
with [**1]Nal. The utility of the oxidant was further demonstrated in successfully

preparing a radioiodinated tetrazine (**°I-Tz) through a concomitant oxidation-
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halodemetallation reaction. ***I-Tz can be used to label biomolecules through
bioorthogonal coupling reactions with prosthetic groups containing strained
alkenes including norbornene and trans-cyclooctene (TCO). The reported hybrid
platform labelling approach is readily accessible and requires minimal
radiochemistry expertise and should therefore find widespread use.

It is also noteworthy that a second generation of the fluorous oxidant, F-
CAT2, was also prepared with the aim of obtaining an oxidant which has a higher
solubility in perfluorinated solvents. Application of F-CAT2 for oxidation of
hydrogen sulfide to elemental sulphur in a fluorous-aqueous biphasic system was
demonstrated. This approach offers a new metal-free approach to scrubbing sour
gas wells and demonstrates that the fluorous oxidants developed here have utility

beyond radiochemistry.
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Chapter 1 - Introduction

1.1 lodine and the History and Growth of Nuclear Medicine

The first preclinical use of a radioisotope of iodine (*?31) which was shown
to concentrate in the thyroid of rabbits, was reported in 1938." This was later
followed by the administration of radioiodine to patients once a longer live
radioisotope of iodine (**'1) was discovered.? Patients with overactive thyroid
glands took up more than ten times the amount of radioiodine than was the case
for healthy individuals. This work formed the foundation for the widespread use
of 1*!1 for the treatment of hyperthyroidism.>

The United States Atomic Energy Commission (AEC) harnessed the
power of isotopes and subsequently started providing **1 for clinical use shortly
after the end of the World War 1.2 This significantly expanded the field of nuclear
medicine in the 1950s. In 1971 the American Medical Association officially
recognized nuclear medicine as a medical specialty,” which was based on
examining the regional chemistry of the living body through the use of radioactive
isotopes.”

In the periods following the official inception of nuclear medicine, the
field assumed an increasingly important role in diagnostic medicine and disease
treatment, growing to such an extent that over 16 million procedures are now
conducted throughout the United States each year. According to the Society of
Nuclear Medicine and Molecular Imaging (SNMMI) there are nearly 100

different nuclear medicine imaging procedures available today. In Canada, Great
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Britain and Japan, 39-48 procedures per 1000 people are carried out annually,
with an average annual increase of 7-14 % worldwide.®

Nuclear medicine has evolved as a multidisciplinary field combining
fundamental aspects of chemistry, physics and clinical medicine.” The field is
rapidly evolving through improvements in medical visualization methods, the
production of target specific radiopharmaceuticals, and the introduction of highly
sensitive diagnostic equipment. The ability to design agents which can target new
biochemical pathways of diseases as they are uncovered allows nuclear medicine

techniques to continually address unmet medical needs.

1.2 Molecular imaging

Modern non-invasive diagnostic imaging modalities are used routinely to
identify diseases and injuries. Examples include computed tomography (CT),
magnetic resonance imaging (MRI), optical, ultrasound (US), and nuclear
imaging, along with various combinations of these techniques. Nuclear imaging
methods stand apart because of their unparalleled sensitivity and ability to
visualize and characterize biochemical processes and targets, not just structure or
macroscopic physical processes (blood flow, oxygenation etc.).® This type of
“molecular” imaging enables the early detection and characterization of disease

before major anatomical changes are evident.>°

Identification of disease through
monitoring biochemical markers has the added advantage that it can be used to
select the ideal treatment option, particularly for targeted biological agents, and to

monitor early response. This can eliminate potentially unnecessary biopsies or
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ineffective interventions.®

1.3 Radionuclides for imaging

In molecular imaging, advantage is taken of the large signal (in this case the
emitted radiation) produced by the relatively small mass of radiopharmaceutical
(typically nanograms) employed for a given study. The minute mass allows for
non-invasive observation of biological processes without disturbing the system
under study. The tracer principle states that a very small (i.e. trace) amount of
biologically active drug can be introduced into a subject and the distribution is
representative of the (much larger amount) of naturally occurring compound.™
This principle makes it possible to study specific systems and avoid any
pharmacological or toxicological effects.

The choice of a radionuclide to be used in a non-invasive imaging specific
study is influenced by a number of factors including:*?

e The half-life, which should be commensurate with the duration of the
imaging study

e Decay mode, where the radionuclide should emit gamma or X-rays and
there should be no, or minimal, charged particle emissions (except for
Positron Emission Tomography (PET))

e The energy of the gamma rays should be between 50 and 300 keV or 511
keV

e The radionuclide or radionuclide-prosthetic group derivative should be

suitable for incorporating into a targeting vector without altering its
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biological behavior
e The radionuclide should be readily available
Examples of radionuclides used for imaging and their key nuclear properties are

shown in Table 1-1.

Table 1-1. Characteristics of commonly used radionuclides.*?

Principal photon

. . R .
Radionuclide Type of decay emissions (keV) Half-life
F B* 511 110 min
°'Ga EC 92, 182, 300, 390 78 h
123 EC 160 13 h
= B 280, 360, 640 8 days
n EC 173, 247 2.8 days
PMTe IT 140 6h
20LT) EC 60-80 73.5h
"Xe B 81 5.3 days

®EC, electron capture; IT, isomeric transition.

1.4 Radionuclide therapy

Radionuclides can also be used to treat disease. Therapeutic medical
isotopes typically decay by emission of three types of particles: B-particles, o-
particles and Auger electrons. Examples of radionuclides emitting these particles
are shown in Table 1-2. B-Particle emitters release high energy electrons and are
the most common therapeutic radionuclides used clinically and provide a highly
homogeneous radiation dose even though their deposition may be
heterogeneously distributed in target tissues.'* High energy B~ emitters are

generally effective at treating larger tumors whiles those with lower energy
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emissions are considered better at treating single cancer cells and metastases
between 1 and 12 mm owing to their shorter path length.*®

Radionuclides that emit o-particles are attractive in settings where it is
more advantageous to use particulate radiation with a range of only a few cell
diameters.* Alpha emitters typically have monoenergetic emissions deposit their
energy over short ranges (i.e., usually between 40 and 100 um). Because of their
relatively short penetration range and high linear energy transfer (LET), o-
particles have the capability for producing a high degree of tumoricidal activity
while sparing the surrounding normal tissues making a-particles more effective in
killing cancer cells that are in a hypoxic environment.™

The third class are Auger electrons, which produce highly localized energy
density in the immediate vicinity of the decay site. They have very short path-
lengths (~0.06-17 pm), and if localized close to chromosomal DNA, their
biological effectiveness is close to that for high LET radionuclides.*® Thus Auger-
emitting radiopharmaceuticals must concentrate in the nuclei of diseased cells to

be effective.

Table 1-2. Physical characteristics of radionuclides used for therapy.*®*’
Radionuclide | Half-life Emission Ea, max Ep, max Max.
(MeV) (MeV) range
ompy 4.42 h Auger - - <10 nm
23] 60.0 d Auger - - 10 nm
AL 7.2h o 6.8 - 65 pum
*°Bi 1.0h o 7.8 - 70 pum
Er 9.5d B - 0.34 1.0 mm
*'Cu 2.6d B,y - 0.58 2.2mm
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B 8.0d B,y - 0.61/0.20 | 2.4mm
™Sm 1.9d B,y - 0.81/0.225 | 3.0 mm
AU 2.7d B,y - 0.96/0.31 | 4.4mm
"Re 3.8d B,y - 1.08/0.35 | 5.0 mm
"Dy 2.3h B,y - 1.29/0.44 | 6.4mm

Sr 50.5 d B - 1.49/0.58 | 8.0 mm

p 14.3d B - 1.71/0.695 | 8.7 mm

oy 2.7d B - 2.28/0.935 | 12.0 mm

Development of radionuclide therapy requires achieving a balance
between the specific in vivo targeting of the diseased site and the clearance of
radioactivity from non-target tissues,™ in order to maximize the radiation dose to
diseased cells. This is achieved by considering both the radioactive decay
properties of the radionuclide and the characteristics of the diseased tissues/cells
targeted, since the energy and half-lives of particles from different radioisotopes
as well as their range in tissue vary. As a general guideline, the half-life of the
isotope must be long enough for the agent to clear the blood and bind the target of
interest and the energy of the particle must be high enough to induce apoptosis or
related mechanism of cell death.® The most appropriate isotope will vary
depending on the application, the disease, the nature of the targeting construct and
the accessibility of the diseased tissue.

B311_Sodium iodide, [**'[]Nal, administered as a liquid or capsule, has been
employed in the treatment of benign thyrotoxicosis, which does not respond to
medical treatment.’®?° There is extensive data that shows that the incidence of
induction of hypothyroidism (by radioiodine therapy) ranges from 7% to 25% in

the first year.® **-Sodium iodide has also been an integral part of the treatment
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of differentiated (papillary and follicular) thyroid carcinoma. In most cases, after
total or near-total thyroidectomy, an ablative dose of 1.85-3.7 GBq (50-100 mCi)
is administered to clear the neck of any remaining thyroid tissue and to treat
metastases.™

Another example of a beta therapy is [**']-m-iodobenzylguanidine (**I-
MIBG) therapy, which has been employed for the treatment of malignant
phaeochromocytoma. Clinical data showed tumour regression or tumour control
resulting in the reduction of the tumour’s metabolic function and palliation of
symptoms (such as hypertension, palpitations, sweats and bone pain).* It has also
been applied in malignant paraganglioma, with reported remission, pain relief and
improved quality of life.

Radium-223 dichloride, (**RaCl,) also known as Xofigo®, is an a-
emitting radiotherapeutic that was recently approved by the US FDA for
symptomatic late-stage (metastatic) castration-resistant prostate cancer that has
reached bones but not other organs. Radium-223 mimics calcium and forms
complexes with the bone mineral hydroxyapatite at areas of increased bone
turnover, such as bone metastases.”> Xofigo® not only increases patients' life

expectancies by an average of about three months, but also improves their quality

of life by offering pain relief.

1.5 Radiopharmaceuticals

A radiopharmaceutical is a chemical entity derived from a medical isotope

that has regulatory approval for use for imaging or treatment of human diseases.
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In nuclear medicine nearly 95% of radiopharmaceuticals are used for diagnostic
purposes, however the utility of therapeutic radiopharmaceuticals is growing
rapidly.?> A typical radiopharmaceutical has two components: a radionuclide to
generate the signal or induce a therapeutic response and a non-radioactive
component that is designed to impart the desired targeting and clearance
properties.

Radiopharmaceuticals accumulate via many different mechanisms. These
include simple perfusion and targeted uptake. The most frequently used
radiopharmaceuticals are perfusions agents, which are employed for the
assessment of cardiac, renal, pulmonary and other functions, related to the
diagnosis of disease or injuries.”® Generally, uptake of perfusion agents into
diseased site is via physical process and not a molecular mechanism. Processes of
this nature include bone adsorption, hepatocyte clearance, blood circulation, and
changes in brain perfusion associated with disease or trauma.?*

Targeted radiopharmaceuticals used for imaging or therapy, can be
considered as having three components: (i) the targeting vector, (ii) the
radionuclide and (iii) a means of linking the two together that may, or may not,
include a pharmacokinetic modifier (Figure 1-1).°> These agents are designed as
indicators of specific metabolic or biochemical dysfunction that are characteristic
of a disease state or injury.?® For example, biochemical targets that are present at
increased levels in cancer cells can be visualized using radiolabelled inhibitors of

those targets. The advantage here is that molecular changes tend to occur before
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structural and bulk physical process changes that can be detected using perfusion
agents or by conventional anatomical imaging methods. Imaging targeted agents
provides a sensitive way to identify and characterize diseases at an early stage and

to aid in treatment selection and monitoring response to therapy.

»
Linker
Radionuclide
Targeting
vector

Figure 1-1. Schematic of a targeted radiopharmaceutical. Targeting vectors are
typically connected to the radionuclide via linker and prosthetic group whose
structure depends upon the nature of the radionuclide used.

Radiopharmaceuticals used for treatment are designed to deliver
therapeutic doses of ionizing radiation.'® Ideally, therapeutic radiopharmaceuticals
localize with high specificity at the disease site while clearing from non-target
tissues so as to minimize unwanted radiation damage, as was mentioned
previously.!” Radiotherapy is attractive because it is minimally invasive. It can be
used to target multiple metastases, circumvents classical drug resistance
mechanisms and in many cases it lacks drug related toxicity effects in comparison
with chemotherapy.’” The latter is a result of the fact that small mass doses
(typically in the microgram range) are administered when using radionuclide

therapies.?’
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1.6 Nuclear imaging modalities: PET and SPECT

Nuclear medicine imaging procedures require highly penetrating radiation
such as y-photons or X-rays (exceeding 100 keV) that can pass through overlying
body tissues and be detected by suitable instruments outside the body. Both
positron emission tomography (PET) and single photon emission computed
tomography (SPECT) detect the emission of radiation from an administered
medical isotope. PET uses a circular array of detectors to reconstruct images from
coincidence detection of gamma emissions arising from positron decay.”®
Positrons are produced from proton-rich nuclei and travel a short distance before
colliding with an electron, leading to annihilation. Two gamma rays with 511 keV
are then emitted in opposite directions (180°) which are detected in coincidence
by the ring of detectors which encircle the subject. Positron emitting radionuclides
include halogens (*®F, "Br, or '?*I), transition metals (**Cu, or ®zr), and main
group elements (*'C, *°0, ©*N or ®*Ga).?

SPECT s similar to PET in that images are generated based on the
detection of gamma emission however there is no coincident emission of 511 keV
gamma rays where each SPECT isotope has a unique gamma energy that is
emitted in a random direction. Data is collected in two-dimensional (2D)
projections (giving planar images at each projection angle) which is then
converted into three-dimensional (3D) reconstructions. This is achieved by
rotating one or more gamma cameras around the patient and recording multiple

projections at different angles and subsequently calculating where the gamma rays

10
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originated. For gamma cameras, collimators, which are devices designed to
confine a beam of radiation within a specific field of view, are attached to the
detectors to block gamma radiation from outside the field of view from interacting
with the camera. Some examples of clinically relevant gamma emitting isotopes
include 21, *™Tc¢, ¥Gaand **In.?

Because PET scanners do not require collimation, and therefore use a
greater proportion of the emitted signal, the technique is more sensitive than
SPECT. It also has a higher practical resolution, and images can be readily
quantified. The main advantage of SPECT imaging over PET is that SPECT
isotopes are typically lower cost and generally have longer half-lives than
commonly used PET isotopes. This fact, coupled with the low cost of
conventional gamma cameras and SPECT radiopharmaceuticals has made SPECT
imaging more prevalent than PET for routine clinical studies.®

Currently, there are over 50 different radiopharmaceuticals incorporating
single photon emitters in clinical use."* Their half-life periods range from 6 hours
to 8 days and their y-photon energy between 70-511 keV. ?® The most widely used
agents are based on *™Tc, accounting for about 80% of the scans conducted in the
clinic.®® One of the advantages of this isotope is its commercial availability at low
cost from a **Mo:*™Tc generator, which allows for widespread distribution and
accessibility. Furthermore, *™Tc has nearly ideal nuclear properties for SPECT
imaging and imparts a low dose to the patient which adds to its desirability.

The widespread use of *™Tc¢ radiopharmaceuticals is also partly due to the

11
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availability of instant kits that can be used to prepare *™Tc radiopharmaceuticals.
These kits contain freeze-dried components, in a sterile vial, to which *™Tc is
added and heated at an appropriate temperature for a given time yielding the
desired *™Tc radiopharmaceutical. The freeze-dried components include a ligand
to be complexed to *™Tc, an optimum amount of reducing agent, buffer to adjust
the pH, stabilizing agents and excipients. The produced radiopharmaceutical is
used without further purification consequently the agents can be generated with
minimal expertise and infrastructure. Similar strategies for other SPECT isotopes
is much sought after, where high costs and the lack of kit type production methods

has hindered their clinical use.

1.7 Radioisotopes of iodine

The use of radiohalogenated radiopharmaceuticals continues to be an
important and growing area of nuclear medicine for both imaging and
radiotherapy.®* While about 30 radioisotopes of iodine have been reported, only
one stable isotope, *?’l, is found in nature. Three of the radioisotopes (**I, **°I and
311) have found practical utility in nuclear medicine and have been used widely
for labelling small and large molecules. Three other positron-emitting isotopes
(*?1, 22| and ***1) have recently been examined as potential candidates for tracer
development.®*%*
The attractive decay characteristics of iodine radioisotopes (Table 1-3) and

ease of incorporation into targeting molecules lead to their use in biochemical and

pharmaceutical research, which included radioimmunoassays for biochemical

12
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research and drug development as well as in clinical trials. lodine-123 is perhaps
the most useful diagnostic iodine isotope because of its relatively long half-life
(13.3 h) and nearly ideal y-ray energy for SPECT. lodine-124 has gained
popularity as a PET isotope for imaging of molecules with slow pharmacokinetics
such as antibodies because of the isotope’s long half-life (4.2 d). lodine-125 emits
y-rays, but of insufficient energy to be adequately imaged outside of the human
body. However, its long half-life and relatively low energy x-ray emission makes
it useful for in vitro assays and quantitative biodistribution studies.***® lodine-125
in higher concentrations is also used in brachytherapy; a treatment for primary
prostate cancer that involves implanting seeds loaded with *#1. lodine-131 has
decay properties (y-ray and 3~ emitter) that make it a suitable radionuclide for both
imaging and therapeutic applications and is the most widely used of the iodine
isotopes in the clinic driven mainly by the aforementioned use in treating thyroid

disorders.

Table 1-3. Radioisotopes of iodine used in nuclear medicine.

Isotope | Half-life (t1,) Type of Emission Applications

0 1.4h B* PET

122 3.6 min B* PET (blood flow)

= 13.3h v SPECT

il 4.2d B* PET

123 60.0d X-ray Therapy / small animal
SPECT

B 8.0d B /y Therapy / SPECT

13
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lodine represents a versatile starting point to create radiopharmaceuticals
because altering the isotope can change the utility of the agent. One successful
agent can potentially be used for imaging (PET or SPECT) and targeted
radiotherapy. When developing a new iodine radiopharmaceutical, **I can be
used for method development and in vitro testing. Once a lead is found,
preclinical and clinical studies can be completed using **I (PET), ?°I or |
(SPECT). A labelling procedure developed for one isotope of iodine should be
adaptable to another, provided the time required by the procedure, the half-lives
of the isotopes, and the chemical form and specific activity in which the
radioiodine are supplied are taken into account.*® In addition, similar labelling
reactions can be used to incorporate other halogens (Br, | and At), which expands
the potential scope of imaging and therapeutic applications for a radiohalogen

based agent.

1.8 Radioiodination methods

In general, classical iodination methods used in organic chemistry can be
employed in radiochemistry. However, these methods have to be adapted taking
into account several parameters such as the half-life of the radionuclide and the
low reaction concentrations used.** The main classes for radiolabelling with
iodine are nucleophilic and electrophilic substitution reactions. The specific
choice of method and desired labelling site is determined by biological, chemical
and structural considerations where particular attention must be paid to the

stability of the C-I bond and the influence of the isotope on target binding.

14
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Regioselective labelling reactions are therefore critical in order to prevent tedious
separation and purification procedures.** Because of the high cost and hazard,
when working with radionuclides a strong emphasis is also placed on reducing

reaction times and minimizing handling requirements.

1.8.1 Nucleophilic substitution reactions

Radioiodination reactions employing nucleophilic substitution occur by
the attack of an iodide anion on an electrophile to form a new C-1 bond. The
mechanism, like in classical organic chemistry, depends on the substrate, the
leaving group and the reaction conditions (solvent, temperature, etc.).
Radioiodination via nucleophilic substitution is most often performed with
aromatic compounds through halogen exchange type reactions.®* This involves
the direct substitution of radioactive iodine as I for a non-radioactive iodine atom,
or other halogen, present in the precursor molecule.*” For successfully performing
a nucleophilic substitution reaction on an aromatic substrate the reaction must be
either activated by electron-withdrawing groups, or the process performed in the
presence of a catalyst. An alternative method is to perform the isotopic exchange
in a melt or under solid-state conditions in which the exchange between no-
carrier-added (NCA) radioiodide and unactivated aryl iodide under mildly acidic

conditions (Scheme 1-1) is possible.*®3

Scheme 1-1. Isotope exchange labelling. *1 represents radioiodine.

R R
/©/ Na*l / (NH,),SO, /©/
| T
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The main disadvantage of halogen exchange is that products are obtained
as a mixture of radiolabelled and stable products. For iodine exchange reactions,
since both the starting material and radiolabelled product are structurally identical,
they cannot be separated chromatographically.®> In a typical radiolabelling
experiment, the non-radioactive starting material is in excess of the amount of
radioactive sodium iodide by several orders of magnitude. This issue can be
addressed by using bromine at the cost of lower reaction yields and the need to
employ higher reaction temperatures (Scheme 1-2) (temperatures in excess of 100

°C) which can lead to the degradation of thermally unstable compounds.*

Scheme 1-2. lodine for bromine halogen exchange radiolabelling methodology
R R
e
Br A *|

1.8.2 Electrophilic substitutions

Halogen exchange has fallen out of favour because it requires harsh
conditions and generally gives poor radiolabelling yields and low specific activity
products. Electrophilic labelling with radioiodine in contrast is the preferred
synthetic route because it uses mild reaction conditions and reactions are
generally regioselective. lodide can be oxidized in situ to an electropositive form
of iodine, postulated to be H,OI" at low pH and ICI at higher pH with chlorine
based oxidants.®® Electrophilic reactions are performed by simply adding sodium
iodide and an oxidant into a solution containing the appropriate precursor.™

Reactions, which are described in more detail below, are typically completed in

16
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mere minutes at room temperature.

1.8.2.1 Direct electrophilic radioiodination reactions

Electron rich aromatic compounds including phenols, aryl ethers, and
anilines, are strongly activated toward electrophilic substitution. These
compounds react rapidly with electrophilic halogens, which is particularly useful
in radiochemical reactions which use dilute solutions of radioiodine.** This
approach has been exploited for labelling proteins where in situ generated
electrophilic iodine reacts with tyrosine residues and, to a lesser extent, histidine

residues producing covalent bonds ortho to the activating group (Scheme 1-3).%?

Scheme 1-3. Labelling of tyrosine using the direct-radioiodination method

OH
0 Na*l/ oxidant .

’

H

NH
HO 2

The main limitations of this method is that radioiodinated proteins
frequently undergo deiodination in vivo, resulting in a large accumulation of
radioactivity in the thyroid.** This results from destabilization of the iodine by the

adjacent hydroxyl group on the phenyl ring and the action of deiodinases.*

1.8.2.2 lododemetallation

lododemetallation reactions involve replacement of an organometallic

group such as trialkylstannyl, trialkylsilyl or trialkylgermyl derivatives by

17
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iodine.>** It represents a milder alternative to halogen exchange and can also
produce radiotracers in high effective specific activity (ESA). ESA is the amount
of activity per mole of radiotracer (typically reported in Ci/mmol) and is
important for molecular imaging applications. The high ESA requirement is
because of the low population of receptors expressed on the cell surface, whereby
the tracer with low specific activity may saturate the receptor, disobey the tracer
principle, and change the pharmacokinetics in vivo, causing poor image quality
and misleading results.*

Although a number of organometallic compounds can be used for this
class of reactions, group IV arene derivatives have been the most widely studied.
Arylstannanes are favoured®**4" over trialkylsilyl and trialkylgermanyl
analogues because the metal-carbon bonds in germanium and silicon are stronger
than the corresponding carbon-tin bond,** so while the tin reagents are inherently
less thermally stable, they display significantly higher reactivity and thus higher
radiolabelling yields as compared to silicon and germanium analogues.®*"3

Mechanistically, electrophilic substitution reactions involving aromatic
trialkylstannyl compounds are considered to occur as a two-step process,
beginning with nucleophilic addition to the electropositive carbon atom, which is
quickly followed by electrophilic substitution at the ipso carbon atom (Scheme 1-
4).*? These reactions are generally carried out at room temperature which limits
the amount of thermal decomposition of the molecule being labelled.*” A

comparison of isotopic exchange labelling reaction with iododemetallation

18
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reaction showed that the specific activity of the latter method was at least two

orders of magnitude greater than the former.*

Scheme 1-4. General scheme of the iodo-destanyllation reaction

*|

SnR3 *| SnRs
*I*ClI- + © Crl- E © + R3SnClI

Demetallation strategies typically require HPLC purification of the
radiolabelled product both to achieve the necessary ESA and to completely
remove the potentially toxic stannyl-precursor from the radiopharmaceutical
formulation.®** The recommended parenteral limit for tin that can be
administered to a patient is 300 ppm.*® However, the use of HPLC, which is the
most common technique employed to remove unreacted starting material and
impurities, is time consuming and challenging for products destined for routine
clinical use, particularly when using radioisotopes with short half-lives.™
Furthermore, the risk of radiation exposure during the routine production of

radiotracers is increased when using preparative HPLC protocols.

1.8.2.3 Polymer-supported iododestannylation

To eliminate the need for HPLC purification as a means of preparing
radiotracers in high ESA, solid-phase analogues of the iododestannylation
reaction have been developed.”*>* In solid-phase radiolabelling the substrate is

covalently bound to an insoluble polymer. Treatment of the polymer-bound
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substrate with electrophilic radioiodine results in the selective release of the
radioiodinated compound into solution via cleavage of the aryl-tin bond (Scheme
1-5). The unreacted polymer-bound substrate and polymer-bound side products

are insoluble and thus are easily removed by filtration®*>3

Scheme 1-5. Schematic of a solid-phase radiolabelling platform.

S R R
Bu Na*l /O]
sn —

Bu

This radiolabelling strategy has advantages over solution-phase techniques
in that it affords ease of product isolation via simple filtration, and it is amenable
to automation. However, it has a number of limitations that arise from using
insoluble polymer supports. Purity analysis and characterization are not nearly as
straightforward for cross-linked insoluble polymers as they are for small
molecules.> There is also no way to purify resin-bound material so all polymer
loading reactions and subsequent transformations done prior to labelling must
take place in quantitative yield. If impurities are present, iodination can result in
the release of a mixture of products, which negates any inherent advantage of
using the solid-phase approach. An additional concern is that because resin-bound
precursors are prepared using polymers that can vary in composition, resins may

have variable amounts of precursor loaded. This can lead to inconsistent
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radiochemical yields.>® These issues motivated the search for new HPLC free

labelling methods.

1.9  Fluorous Chemistry
1.9.1 Scope and Concept

Fluorous chemistry is the study of the structure, composition, properties,
and reactions of highly fluorinated molecules, molecular fragments, materials, and
media.>® Developed nearly two decades ago, fluorous chemistry has emerged as a
complementary type of liquid-phase synthetic tool that is similar to solid-phase
synthesis in concept but very different in practice. The term "fluorous™ refers to
highly perfluorinated molecules which display unique intermolecular interactions
akin to the term aqueous.”® Fluorous compounds are both hydrophobic and
oleophobic while displaying a high affinity for other fluorine rich compounds.

Perfluoroalkyl solvents are immiscible with most organic solvents at room
temperature and are extremely hydrophobic and lipophobic.>” Highly fluorinated
solvents, and compounds that partition into them, form a separate, orthogonal
liquid phase called the “fluorous” phase into which organic and inorganic
compounds have little or no tendency to dissolve.>> The solubility of fluorous
compounds in these solvents is dependent on the percentage weight of fluorine.
Compounds containing 60% or more fluorines by weight (heavy fluorous
molecules) will preferentially partition into a fluorous solvent instead of an

aqueous or organic solvent.
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Curran and coworkers did extensive work in the use of fluorous chemistry
in the field of organic synthesis.”>*® In fluorous synthesis, a fluorous molecule is
created by attaching a fluorous tag to an organic substrate. The resulting fluorous
molecule has two domains: a fluorous domain that controls the solubility of the
molecule and an organic domain that directs the reactivity of the compound.>
Fluorous tags are usually fluorinated alkyl chains ranging from CsFy; to
C10F21.°%° These tags are generally stable under normal reaction conditions and
are compatible with typical organic chemical reactions. Thus, fluorous tags are
chemically inert and have minimal effect on the reactivity of the organic
component; hence, the organic substrate undergoes chemical transformation
without interference from the fluorous tag. When the desired chemical
transformation has been achieved, the organic product is obtained by the

detachment of the fluorous tag, as illustrated in Figure 1-2.%%%
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Figure 1-2. General schematic showing the fluorous tagging and detagging
strategy. F represents the fluorous tag.

1.9.2 Fluorous Separation Techniques

Fluorous chemistry offers the advantage of easy separation based on
differential affinities of organic and fluorous molecules. These differences have
been exploited to create several techniques for isolating fluorous-tagged substrates
from purely organic molecules.®* These methods include liquid-liquid extraction,
fluorous solid-phase extraction (F-SPE) and fluorous HPLC (F-HPLC). These are
not influenced by polarity, or other molecular features that govern traditional

chromatography, but depend solely on the presence (or absence) of a fluorous
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tag.>>**®! Liquid-liquid extraction is the method of choice for purification of
“heavy fluorous” compounds. These compounds can be extracted efficiently into
perfluorinated solvents such as perfluorohexanes (C¢F14, commonly referred to as
FC-72%) and perfluorobutyl methyl ether (PFBME), which are immiscible with
water and common organic solvents such as ether and dichloromethane.>®®

“Light fluorous” compounds can be separated from non-fluorous
compounds using fluorous solid-phase extraction (F-SPE) on silica gel that has
been modified with fluorous groups such as -SiMe,(CH,)>CsF17.°%%" In a typical
separation procedure, a reaction mixture is loaded onto an F-SPE cartridge with a
minimum amount of solvent (less than 20% of silica gel volume). The cartridge is
subsequently washed with a ‘fluorophobic solvent’” such as 80:20 (v/v)
MeOH/H,0 to selectively remove non-fluorous compounds. Washing with a
‘fluorophilic solvent’ such as MeOH, acetonitrile, or THF elutes fluorous-tagged
compounds.®! One of the major advantages of this method is the fact that costly
and potentially environmentally harmful perfluorinated solvents are not needed.
Furthermore, the F-SPE cartridges can be regenerated for further use by flushing
with warm THF.%

Silica gel that has a bonded phase of fluorous groups packed in an HPLC
column can be used for separation of mixtures of fluorous compounds based on
the differences in fluorine content.®*** Molecules with longer fluorine chains have
longer retention times on the column. A gradient of MeOH/H,O with increasing

MeOH content is the most common mobile phase similar to that for reversed
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phase HPLC.

One of the major advantages of fluorous chemistry over solid-phase
synthesis is that the products can be characterized by a variety of standard
techniques. These include TLC, HPLC, MS, IR spectroscopy, NMR spectroscopy,
and X-ray crystallography. The added gain is that if an impurity is detected the

compounds can be re-purified using one of the methods described previously.

1.10 Application of Fluorous Chemistry to Radiolabelling

The facile purification protocols offered by fluorous media have been
exploited to afford HPLC-free methods for preparing radiolabelled compounds.
Zhang et al. developed a method for scavenging excess amines in sulfur-35-
labelled radioligand preparations using fluorous scavengers in an effort to
simplify the purification.®® They effectively applied fluorous scavenging and F-
SPE purification to obtain a high specific activity [*>S]sulfonamide radioligand.
Compared to the use of a solid-phase-isocyanate resin, their method provided a
more complete and faster removal of undesired reaction components due to the
homogenous nature of the fluorous reaction. More recently, Bejot et al. have
demonstrated that ‘®F-radiolabelled material can be prepared by nucleophilic
fluorination using fluorous-tagged precursors and the products isolated by
FSPE.%

The fluorous approach was also adapted by our group for radioiodination
where fluorous-aryl tin precursors where treated with radioiodine in the presence

of an oxidant. The fluorous starting materials were separated from the desired
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non-fluorous radioiodinated compound by passing the reaction mixture through an

F-SPE cartridge (Scheme 1-6) The isolated products were obtained in high

radiochemical yield and purity.®”®

Scheme 1-6. General representation of the fluorous radiolabelling strategy applied
to a halodestanylation reaction.
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When comparing fluorous and solid-phase labelling methods one obvious
advantage is that fluorous compounds can be purified by conventional means
while cross-linked polymer derivatives cannot.”* Furthermore, the radiochemical
yields are typically reduced in heterogeneous solid-phase reactions due to the
biphasic nature of reactions. Solid-phase labelling can also require heating and/or
use of organic solvents.” It is important to note however that solid phase labelling
is simpler in that purification requires only filtration as opposed to more involved
handling of solutions associated with F-SPE.

One way to combine the advantages of both methods is to create a
“hybrid” fluorous-solid-phase system. Fluorous-tagged precursors can feasibly be
loaded onto a fluorous solid support by physisorption to create a non-covalent
fluorous-chemistry based solid-phase analogue. The desired radiolabelled product
would still be released from the support upon labelling since it is rendered “non-

fluorous”. The advantage of loading the material onto the fluorous support, as
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opposed to labelling and then passing the mixture through a FSPE cartridge, is
that the combined system could be used to create a single step “instant kit” which
would minimize handling of the radioactive solutions and facilitate clinical
translation. Finding an instant kit system that works for iodine has, as was
mentioned previously, been a longstanding goal in the field of

radiopharmaceutical chemistry.

1.11 Objectives and summary of research goals

The objective of this thesis was to develop, optimize and evaluate the utility
of a novel hybrid solid-fluorous phase radioiodination and purification platform
for the production of radiopharmaceuticals for imaging and therapy based on the
principles of fluorous chemistry. Initially work focused on a known fluorous-
benzoic acid derivative®’ as the model compound to develop the platform using
iodogen and chloramine-T as oxidants. This construct was expanded to include a
series of fluorous-aryl tin precursors to further evaluate the platform (Chapter 2).
When increasing amounts of the oxidant, particularly chloramine-T, were
employed to increase radiochemical yields, there was co-elution of the non-
fluorous oxidant and the radiolabelled product. This reduced the radiochemical
yield and introduced unwanted UV impurities. To address this issue a fluorous
oxidant was developed such that the only non-fluorous component to be eluted
was the desired product (Chapter 3).

Following the successful preparation and testing of the iodine instant kit

using the fluorous oxidant with a model compound (fluorous-benzoic acid), the
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platform was used to prepare a series of radioiodinated compounds including
well-known radiopharmaceuticals and emerging tools that can be used in
pretargeting strategies that employ new bioorthogonal coupling reactions (Chapter
4). Given the ease with which the oxidant and resulting byproducts can be
removed from reaction mixtures, the utility of the fluorous oxidant for
applications beyond radiolabelling, notably hydrogen sulfide processing, were

investigated (Chapter 5).
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Chapter 2 - A Hybrid Solid-Fluorous Phase

Radioiodination and Purification Platform
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A Hybrid Solid-Fluorous Phase Radioiodination and

Purification Platform

2.1 Abstract

A new class of fluorous materials was developed to create a hybrid solid-solution
phase strategy for the expedient preparation and HPLC-free purification of *#I-
labelled compounds. The system is referred to as a hybrid platform in that it
combines solution phase labelling and fluorous solid-phase purification in one
step as opposed to two separate individual processes. Treatment of fluorous
arylstannanes coated on fluorous silica with [**I]Nal and the appropriate oxidant
made it possible to produce and selectively isolate the non-fluorous radiolabelled
products in high purity (>98%) free from excess starting material and unreacted
radioiodine. Examples included simple aryl and heterocyclic (click) derivatives,
known radiopharmaceuticals including meta-iodobenzylguanidine (MIBG) and
iododeoxyuridine (IUdR), and a new agent with high affinity for prostate specific
membrane antigen. The coated fluorous silica kits are simple to prepare and
reactions can be performed at room temperature using different oxidants

generating products in minutes in biocompatible solutions.

Keywords: Labelling methods; *#I; instant kits; fluorous; MIBG; IUdR.
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2.2 Introduction

Radiopharmaceuticals are typically produced wusing “just-in-time”
manufacturing methods where radioactive decay necessitates expedient and
efficient synthesis and purification methods. For many targeted small molecule
radiopharmaceuticals, unlike for more traditional perfusion-type agents, HPLC is
necessary to separate the desired product from impurities and the large excess of
unlabelled precursor that is often used in radiolabelling reactions. HPLC
purification has a number of limitations particularly for routine production of
radiopharmaceuticals in that it is time-consuming, requires extensive validation
efforts for agents being translated to clinical use, and HPLC adds the risk of
instrument failure during production runs.

To eliminate the need for HPLC, alternative labelling and purification
methods employing solid-phase synthesis and solid-phase extraction (SPE) have
been developed for a variety of medical isotopes. These include systems based on
polymer-supported precursors'’ and fluorous-tagged molecules.*"" In solid-phase
labelling, compounds are linked to insoluble supports via covalent bonds or ionic
interactions in a way that the desired product is released upon labelling and
isolated by simple filtration. For the fluorous labelling strategy (FLS)*'2,
fluorous-tagged precursors, which are prepared and purified using traditional

13,14

synthetic methods, are converted to non-fluorous analogues upon labelling.

The fluorous precursor is separated from the desired radiolabelled compound by

passing the reaction mixture through a fluorous SPE (FSPE) cartridge.'®'>"’
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The advantage of the solid-phase system is that labelling and purification
is carried out in a single step. Unfortunately the inability to purify cross-linked
polymer derivatives limits this method to the small number of loading reactions
that proceed in quantitative yield. Groups developing solid-phase labelling
systems have in certain instances also reported reduced radiochemical yields
compared with solution phase methods, which is associated with the
heterogeneous nature of the reaction mixture and non-specific binding of the
product and isotope to the support. Solid-phase labelling can also require heating
and/or use of organic solvents.*

One approach to addressing these limitations is to combine fluorous and
solid-phase labelling methods. Fluorous precursors can be prepared, purified and
fully characterized using traditional solution-phase methods and then the material
loaded onto a solid support by physisorption (taking advantage of the fluorine-
fluorine interactions) to create a hybrid fluorous-solid-phase system. The product
would be released from the support upon labelling because it is rendered “non-
fluorous”. The advantage of loading the material onto the fluorous support, as
opposed to labelling and then passing the mixture through a FSPE cartridge, is
that the combined system could be used to create a single step “instant kit” which
would minimize handling of the radioactive solutions and facilitate clinical
translation. Such a system, including the preparation of the fluorous coated
materials, was developed here for labelling and purifying a range of different

molecules with %I,
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2.3 Results and Discussion

Previous work on the FLS involved labelling fluorous tin derivatives in
solution and then isolation of the products subsequently using a FSPE cartridge.
Here the goal was to develop a different paradigm where labelling takes place
directly on a hybrid fluorous-solid-phase material such that the product, free from
residual starting materials and impurities, can be eluted directly and selectively.

The initial focus was to determine the range of loadings that can be
achieved on fluorous silica (FS), which was carried out using a simple fluorous-
tin benzoic acid (FBA) derivative 1la (Figure 2-1), which can be prepared using a
commercially available fluorous tin bromide® following a minor modification of
a previously published method.® To prepare silica coated with tin precursor,
varying quantities of 1a as a 500 mg/mL solution in CHCI; were added to FS. The
resulting chloroform-silica slurry was agitated periodically and the solvent
allowed to evaporate to give loading ranges of 100-500 mg/g of coated FS in 50
mg/g increments. The hybrid fluorous-solid-phase labelling and purification
cartridges were prepared by first loading normal (uncoated) FS (500 mg) that had
been preconditioned with DMF, H,O and 80:20 (v/v) MeOH/H,O into a
polypropylene SPE tube (3 mL) followed by a sample (50 mg) of coated FS. Each
cartridge was capped with a polyethylene frit and washed with H,O followed by
80:20 MeOH/H,0 where fractions (1 mL) were collected and analyzed by HPLC

to determine if any 1a leached from the support.

37



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

1. a) lodogen, MeOH
b) Na'25I(aq)

2. a) Na28205, Hzo

b) EtOH-H,O
Coated fluorous
silica
CO,H
E—
—— Unmodified fluorous
silica
SnR'S
1a
CO,H

1b

125|
Figure 2-1. Schematic representation of the hybrid solid-fluorous phase

radioiodination and purification system. R' = (CH;),(CF,)sCF3. Additional
examples of compounds tested are shown in Scheme 2-2.

Based on HPLC analysis there was no elution of the tin precursor in the
100-300 mg/g samples of FS-1a.'® However, the tin compound was detected in
samples containing higher loadings (400-500 mg/g). Initial experiments were
therefore performed with the 200 mg/g (FS(200)-1a) material. To identify the
optimal elution conditions, a 50 mg sample of FS(200)-1a that also contained
para-iodobenzoic acid (10 mg) was loaded onto a sample of preconditioned
unmodified FS (500 mg). This combination of materials was washed with water
followed by different alcohol-water mixtures. The aqueous fractions did not

contain any para-iodobenzoic acid whereas the desired product was eluted
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quantitatively using an 80:20 (v/v) MeOH/H,0O mixture. None of the fractions
contained any detectable amount of 1a.

One of the concerns raised over using arylstannanes is their potential
toxicity, where the recommended parenteral limit for tin is 300 ppm.”° To further
demonstrate the FS is able to effectively retain the tin precursors, a fluorous-tin
derivative of fluorescein was prepared and loaded onto FS. This provided a
convenient tool to visualize the distribution of the fluorous precursor on the silica
after loading and washing. Compound 3a (Scheme 2-1) was prepared by coupling
the fluorous-tin benzylamine 2a to fluorescein 5(6)-isothiocyanate which was
achieved in 71% yield. FS(300)-3a was prepared as previously described for la
where visually the precoated fluorous-tin dye was clearly retained on the top
portion of the FS. There was little change after washing with water and 80:20
alcohol/H,0O (Figure 2-2) and the precursor remained bound to the FS and was not
detected spectroscopically in any fraction where the detection limit for 3a was 6

ug/mL (6 ppm) which is well below (50x) the USP recommended limit.

Inductively coupled plasma mass spectrometry analysis was also performed on
the product and showed that there was no tin present above the detection limit of

the instrument (1 ppb).
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Scheme 2-1. Synthesis of the fluorous-tin fluorescein derivative 3a.

S

N
NH, FITC-NCS HN - H

o) SNR;
R
DMF, RT, 16 h O

- O I
2a R = CH2CH2(CF2)5CF3 HO OH 3a

Figure 2-2. Fluorescein derivative 3a (yellow color) loaded on unmodified
fluorous silica gel. The picture shows the cartridge after loading and elution with
water and 80:20 EtOH/H20.

Radiochemical experiments were performed subsequently using Na'®l

and a range of fluorous compounds to test the general utility of the approach and
to allow for comparison to previously reported solution phase work. For the initial
tests a cartridge containing 50 mg of FS(200)-1a and preconditioned FS (500 mg)
giving a ratio of loaded material to FS of 1:10 w/w was prepared. EtOH/H,0

(80:20, pH adjusted to 3-4 with AcOH) was added followed by iodogen and
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Na'®I (3.7-7.4 MBq). The reaction was allowed to proceed for 20 min. and then
quenched with aqueous Na,S,0s followed by a water wash to remove any residual
salts and unreacted Na'®l. The desired product was obtained by elution with
80:20 EtOH/H,O (5 mL) which was used in place of MeOH/H,O to ensure
biocompatibility upon dilution of the product with isotonic saline or buffer.?
HPLC analysis revealed no evidence of la in the ultraviolet (UV)-trace and a
single peak in the y-trace. The identity of the peak was confirmed by comparing
its retention time to that for an authentic sample of para-iodobenzoic acid (Figure
2-3). The product was obtained in 97% radiochemical purity and 49+3% (n=3)
isolated radiochemical yield. There was some small amount of residual activity on
the FSPE cartridge and the three-way-valve attached to the polypropylene SPE
tube. The remainder of the activity was unreacted Na'?®I, which was detected in
the initial aqueous fractions.

Following the successful proof of concept experiment with FS(200)-1a,
the general utility of the method was evaluated using other previously reported
fluorous-precursors. The fluorous-tin compounds spanned simple aryl derivatives
to known and emerging radiopharmaceuticals (Scheme 2-2). The FS-coated
materials (200 mg/g) were prepared and labelled as previously described, and all
reactions were performed in head-to-head comparisons with solution phase (two

step) FLS reactions.
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Figure 2-3. A) y-HPLC chromatogram of 1b B) UV-HPLC chromatogram of the
same sample C) y-HPLC chromatogram of 1b co-injected with a cold reference
standard D) UV-HPLC chromatogram of the same sample. The small difference
in the retention times between the UV and the corresponding y-trace is due to the
time lag between the detectors which are connected in series (elution method A).
The peak and change in the baseline between 14.5-15.5 min is a result of a rapid
change in the gradient.
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Scheme 2-2. Basic radioiodination reaction, fluorous precursors and
radioiodinated products.
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In all cases radiochemical purities were greater than 95% while isolated
radiochemical yields ranged from 30% to 49%, except for the nitrobenzene
derivative where the isolated yield was less than 5% (Table 2-1). For the anisole
derivative 5b the yields were higher than for the phenyl (4b) and nitro (6b)
derivatives, which is expected given the electrophilic nature of the starting
material. The yields reported are lower than for the traditional FLS reactions but

were comparable with yields reported for polymer supported aryltrifluoroborates.”

Table 2-1. Radiochemical yields for solution (fluorous) and hybrid fluorous solid-
phase (coated) radioiodination reactions with different oxidants.

Precursor lodogen Chloramine-T
Solution Coated Coated
4a 83+2 49 + 3 75+ 6
8a 80 %2 30+4 47 + 8
9a 81+2 43+ 6 —
10a 70+ 3 36+2 8316
1lla 78+5 42+ 4 72+12
12a 80+3 40+ 6 63 + 10
13a 13+5 <5 —
14a 86 + 3 45+5 73+3
15a 785 45 + 3 —
16a 81+3 48 + 6 67 +2
17a — — 57+3

The coated FS system was also evaluated using a series of simple
benzamides including an analogue of N-(2-(diethylamino)ethyl)-4-iodobenzamide
(BZA); an agent that has been evaluated as a SPECT agent for imaging
melanoma.?? The fluorous precursors 7a-9a were prepared via the
tetrafluorophenol (TFP) active ester of 1a.® The purified products were coated

onto FS using the chloroform evaporation method to give FS(200)-7a, FS(200)-8a
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and FS(200)-9a, which were loaded onto FS (1:10 w/w). Upon labelling, the
yields for 7b, 8b and 9b were 42 + 4%, 43 £ 6%, and 36 + 2% respectively, with
radiochemical purities greater than 98% in all cases. The yields were again lower
than the corresponding solution phase method, which were 78 + 5%, 81 + 2%, and
70 = 3% respectively. Elution of 7b was not successful with 80:20 EtOH/H,0 as
the majority of the product was retained on the FSPE cartridge. Because of the
basicity of the tertiary amine, a small amount of acid (0.1% TFA) was needed to
elute the product.

The system was also effective in producing meta-iodobenzylguanidine
(MIBG, 10b); a radiopharmaceutical which is used for imaging and treating
neuroendocrine tumors.?® The yield obtained with the one-step radioiodination
was 40 * 6% which is a twofold and 1.5 fold reduction in yield compared with the
solution phase FLS labelling and an existing polymer supported MIBG labelling
method, respectively.” However, the radiochemical purity of the product was
greater than 98% and loading the material onto FS was simple and optimized in a
couple of hours whereas developing a method to produce polymer supported
MIBG quantitatively was non-trivial.?

One of the potential limitations of the fluorous system is in using FSPE to
purify polar molecules which could co-elute with unreacted iodide. To test this, a
new and polar heterocyclic iodine prosthetic group known as the triazole-
appending agent (TAAG)** was investigated as a substrate. The fluorous TAAG

precursor 11a could be effectively loaded onto FS to give FS(200)-11a which
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when loaded onto FS (1:10 w/w) showed no evidence of breakthrough when using
80:20 EtOH/H,0. Upon radioiodination however, some of the desired product,
11b, eluted in the 100% aqueous wash along with free [***[]Nal. To address this, a
C-18 SPE cartridge was connected in series to the FSPE cartridge so that after
elution with water the radioiodinated product was retained and subsequently
selective eluted in 45 + 3% radiochemical yield using 80:20 EtOH/H,0.

The utility of the hybrid labelling system was tested further using a novel
TAAG derivative that can bind to prostate specific membrane antigen:** a protein
that is over expressed on prostate cancers and associated metastases.”>?
Compound 12a was loaded onto F-silica to give FS(200)-12a (1:10 w/w) and
labelled with Na'?1. The desired product 12b was eluted with 80:20 EtOH/H,0 in
48 + 6% radiochemical yield (n=3) with a radiochemical purity that was greater
than 98%, which is comparable with that for the solution phase method. To test
whether or not the cartridges can be used multiple times, following the elution of
the product, the labelling of FS(200)-12a was repeated using the same cartridge
which was washed with water followed by 80:20 EtOH/H,0O. The yield for the
subsequent labelling was 30 + 6% and the product isolated in 90% radiochemical
purity. A third labelling was performed where the yield and radiochemical purity
decreased to 12 + 7 and 75% respectively indicating that the cartridges are best
suited for single use applications.

Not all molecules can be iodinated effectively with iodogen consequently

the general utility of the system with other oxidants was also explored.
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Preliminary experiments using peracetic acid were found to give inconsistent
radiochemical yields. Chloramine-T in contrast showed that comparable or
superior yields compared with iodogen could be obtained using less precursor.
Isolated yields of 65 + 5%, 71 + 3% and 70 £ 2% (n=3) were obtained using 30
mg of FS(30)-la, FS(50)-1a, and FS(100)-la. With chloramine-T it was
advantageous to connect the FSPE cartridge to a C18 SPE cartridge and to acidify
the 80:20 EtOH/H,0 eluent with dilute phosphoric acid. This eliminated the need
to collect fractions and resulted in selective separation of the desired product from
free iodide. For example, using this system isolated radiochemical yields of 75 +
6% (n=5) and radiochemical purity greater than 95% were obtained for 1b. To
demonstrate the elution conditions did not cause protodestannylation, compound
5a was incubated in the acidified 80:20 EtOH/H,0 solution and samples analyzed
by HPLC at 5 and 40 min, where there was no evidence of anisole at either time
point. The system remains biocompatible as the eluted product when added to
PBS was isotonic and within a pH and radioactivity concentration range suitable
for injection.

As a result of the increased yield with chloramine-T at reduced ligand
loading levels several of the fluorous derivatives previously labelled using
iodogen were radioiodinated using chloramine-T. Yields ranged from 47% to 83%
(Table 2-1) where the radiochemical purity was greater than 95% for all products.
In terms of specific activity, the limit of detection for 1b was determined and the

value was greater than 240 Ci/mmol (average of three experiments). As an
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additional test of the labelling method, 5-iodo-2'-deoxyuridine (IlUdR)-13b an
agent currently undergoing investigation as therapeutic radiopharmaceutical®’ was
also produced using the chloramine-T approach where the isolated yield was 57%
+ 3%. In general the isolated yields obtained using chloramine-T are comparable
or higher than those previously reported for other solid-phase radioiodination
methods.?* %3 |t should also be noted that the coated material was evaluated
over 2 months after storage at 4 °C where there was no significant change in

radiochemical yield or purity.

2.4 Conclusion

The reported hybrid fluorous-solid phase labelling material is a convenient
platform for producing radioiodinated compounds in high purity and effective
specific activity (i.e. free from any residual precursor) without the need to use
HPLC. An advantage of the hybrid system over covalent polymer modification is
that the precursor compounds can be prepared and fully characterized prior to
immobilization which is convenient and can be carried out using a wide range of
compounds. Reactions were performed at room temperature using either iodogen
or chloramine-T and reached completion within 20 minutes and the system did
not require the use of organic solvents (other than ethanol). All products can be
isolated in biocompatible solvents ready for injection by simple dilution with

isotonic saline or PBS.
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2.5 Experimental
2.5.1 Reagents and general procedures

Unless otherwise stated, all chemicals reagents were purchased and used as
received from Sigma-Aldrich  without further purification. Toluene,
dichloromethane and tetrahydrofuran (THF) were distilled using a PURE SOLV
distillation system. FC-72 was purchased from 3M, (CF3(CF;)s(CH,)2)sSnPh and
(CF3(CF2)5(CH2)2)sSnH  were purchased from Fluorous Technologies Inc.
SiliaFlash® P60 Silica gel from SiliCycle was used for silica gel chromatography.
Analytical thin-layer chromatograms (Merck F254 silicagel on aluminum plates)
were visualized using ultraviolet (UV) light. Compounds 1a, 2a, and 4a-12a were
prepared according to literature methods.®%'%2* 1 3,5,7-Tetramethyl-2,4,8-trioxa-
(2,4-dimethoxyphenyl)-6-phosphaadamantane ligand for cross coupling reactions
was generously provided by Prof. Alfredo Capretta (McMaster University,
Hamilton, Ontario).>! KFi/silica stationary phase contained 10% w/w of KF and
90% wi/w SiliaFlash® P60 silica gel (finely ground together) loaded in a
disposable glass pipette plugged with glass wool. Empty fritted polypropylene
solid-phase-extraction (SPE) tubes were purchased from Sigma-Aldrich. SepPak®
Plus C18 cartridges were purchased from Waters Corporation. Sodium
[**1]iodide with a specific activity of ~17 Ci/mg was provided by the McMaster
Nuclear Reactor (Hamilton, ON, Canada).

Caution: I is radioactive and should only be handled in an appropriately

equipped and licensed facility.
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2.5.2 Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker DRX-
500 and 600 spectrometers with chemical shifts reported in parts per million
relative to the residual proton signal of the deuterated solvent (*H NMR) or the
carbon signal of the solvent (**C NMR). Reactions requiring microwave heating
were performed using a Biotage Initiator 60 instrument. Infrared (IR) spectra were
acquired using a BioRad FTS-40 FT-IR spectrometer. ESI mass spectrometry
experiments were performed on a Waters/Micromass Quattro Ultima instrument
where samples were first dissolved in methanol. High resolution mass spectral
data were obtained using a Waters-Micromass Q-TOF (quadrupole/time-of-flight)
Ultima Global spectrometer. High pressure liquid chromatography (HPLC) was
performed using a Varian ProStar Model 230 instrument, fitted with a Varian
ProStar model 330 PDA detector, an IN/US y-RAM gamma detector, a Star 800
analog interface module and a Phenomenex Gemini-C18 column (4.6x100 mm,
110 A, 5 pm). The wavelength for UV detection was set at 254 nm, and the dwell
time in the gamma detector was 5 sec in a 10 pl loop. The mobile phase was
composed of solvent A = H,0 (0.1% TFA), and solvent B = CH3CN (0.1% TFA).
Method A: 0-10 min, 40-100% B; 10-14 min, 100% B; 14-15 min, 100-40% B;
15-20 min, 40% B. Method B: 0-10 min, 2-100% B; 10-14 min, 100% B; 14-15
min 100-2% B; 15-18 min 2% B. Method C: 0-1 min, 40 % B; 1-7 min, 40-100 %
B, 7-12 min, 100 % B; 12-13 min, 100-40 % B, 13-18 min 40 % B. Method D: 0-

1 min, 20 % B; 1-7 min, 20-100 % B, 7-12 min, 100 % B; 12-13 min, 100-20 %
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B, 13-18 min 20 % B. Method E: 0-5 min, 5 % B; 5-12 min, 5-100 % B; 12-13
min 100-5 % B, 13-18 min 5 % B. For the anisole stability test, HPLC was
performed using a Waters 1525 Binary HPLC system fitted with a 2998
photodiode array detector and a Bioscan y detector. A Phenomenex Gemini
column (5 um, 4.6 A 250 mm, C18) at a flow rate of 1.0 mL/min and monitoring
at 215 and 254 nm was employed. The mobile phase was composed of: solvent A
= H,0 (0.1% TFA), and solvent B = CH3CN (0.1% TFA). Method F: 0—15 min,
20-100% B; 15-25 min, 100% B. For calibration curves, each calibration solution
was evaluated in triplicate and the data analyzed by the least-squares method. The
limit of quantitation and the limit of detection were calculated using the standard

deviation method.

2.5.3 Synthesis of Compounds
1-(3',6'-Dihydroxy-3-ox0-3H-spiro[isobenzofuran-1,9'-xanthen]-6-yl)-3-(3-

(tris(2-perfluorohexylethyl)stannyl)benzyl)thiourea (3a)

To a solution of compound 2a (50 mg, 0.039 mmol) in DMF (5 mL) was added
fluorescein 5(6)-isothiocyanate (41 mg, 0.11 mmol), and the reaction mixture
stirred at room temperature overnight. The solution was subsequently
concentrated to dryness, FC-72® was added (10 mL) and the solution extracted
with DCM (3 x mL). FC-72® was removed by rotary evaporation and the desired
product isolated using column chromatography eluting with methanol/DCM (1:9,
v/v) yielding 3a as an orange solid. Yield (46 mg, 71%). ‘H NMR (600 MHz,

MeOD-dy) & 8.13 (s, 1H), 7.78-7.76 (m, 1H), 7.59 (s, 1H), 7.42-7.39 (s, 3H), 7.14-
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7.12 (m, 1H), 6.68-6.66 (m, 4H), 6.53-6.52 (m, 2H), 4.88 (s, 2H), 2.47-2.38 (m,
6H), 1.42-1.29 (m, 6H), HRMS (ES|+) m/z calcd for C52H32F39N205Sn8 [M+H]+
1657.0431, found: 1657.0454; FTIR (KBr, cm'l): 2922, 1699, 1592, 1206; HPLC

(method B) tr = 12.8 min.

1-(4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-(tris(2-

perfluorohexyl-ethyl)stannyl)pyrimidine-2,4(1H,3H)-dione (13a)

A solution of diacetoxypalladium (4 mg, 0.02 mmol) in THF (0.5 mL) was added
to 1,3,5,7-tetramethyl-2,4,8-trioxa-(2,4-dimethoxyphenyl)-6-phosphaadamantane
(8 mg, 0.03 mmol) in THF (0.5 mL)." The resulting solution was stirred for 10
min. and tris-(2-perfluorohexylethyl)stannane (650 mg, 0.56mmol) in THF (0.5
mL) was added. After 10 min., 1-(4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-5-iodopyrimidine-2,4(1H,3H)-dione (92 mg, 0.26 mmol) in THF (0.5 mL)
was added and the resulting mixture was heated in a Biotage microwave reactor at
160 C for 15 min. The reaction mixture was filtered through KF/silica and the
solvent removed by rotary evaporation. The desired product was isolated using
column chromatography eluting with methanol/DCM (1:9, v/v) yielding 13a as a
colourless oil. Yield (126 mg, 35%). *H NMR (600 MHz, MeOD-d,) & 7.92 (s,
1H), 6.31 (m, 1H), 4.41 (m, 1H), 3.95 (m, 1H), 3.78-3.72 (M, 2H), 2.47-2.41 (m,
6H), 2.32-2.21 (m, 2H), 1.35-1.23 (m, 6H); 3C NMR (150 MHz, MeOD-d4) &
169.3, 152.7, 147.7, 110.8, 89.4, 87.0, 72.6, 62.9, 41.7, 28.7, 0.0; HRMS (ESI*)
m/z calcd for Cs3HasF39N20sSn [M+H]  1389.0061, found: 1389.0084; FTIR

(KBr, cm™): 3410, 3043, 2944, 1691, 1238, 1144.
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2.5.4 General procedure for preparing coated fluorous silica

Fluorous silica was added to the required concentration of the fluorous precursor
in chloroform and the mixture agitated by hand until a slurry was formed. After
sitting at room temperature overnight, the resulting powder was added to a
polypropylene SPE tube that contained 500 mg of unmodified FS previously

washed with DMF (1 mL), H,O (5 mL) and 80:20 EtOH/H,O (5 mL).

2.5.5 General procedure for solid-phase radioiodination with iodogen

80% (v/v) EtOH/H,0 (100 pL) (pH adjusted between 3 and 4 with conc. AcOH)
was added to the SPE cartridge containing the coated FS. lodogen (5 uL, 0.4
mg/mL in MeOH) was added followed by Na'®I (10 uL, 3.7-7.4 MBq) in 0.1 M
NaOH. After 20 min. the reaction was quenched with 0.1 M NayS;0s(q) (50 pL)
and the cartridge was washed with water (5 mL) followed by 80% EtOH/H,0 (5
mL), where (0.5 mL) fractions were collected. HPLC retention times for all

products were compared with that for authentic non-radioactive standards.

2.5.6 General procedure for solution phase (FLS) labelling with iodogen

Todogen (5 pL, 0.4 g/mL in MeOH) followed by Na'®I (10 pL, 3.7-7.4 MBq in
0.1 M NaOH) was added to the fluorous-tin precursor (100 puL, 5 mg/mL in 5%
AcOH/MeOH). After 5 min. Na;S;Os(q) (50 pL, 0.1 M) was added, and the
mixture diluted to 1 mL with water. The solution was then transferred to a 2 g
preconditioned FSPE cartridge. This was washed with water (3 mL) followed by

80:20 EtOH/H,0 (8 mL), and 1 mL fractions were collected.
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2.5.7 General procedure for solid-phase radioiodination with chloramine-T

An SPE cartridge containing the coated fluorous silica was connected to a
SepPak® plus C18 cartridge. Ten percent acetic acid in EtOH (50 pL) was added,
followed by chloramine-T (50 pL, 4 mg/mL in water) and Na'®l (10 pL, 1.85
GBg/mL in 0.1 M NaOH). After 20 min. NaxS;0sq) (50 pL, 0.2 M) was added,
and the system washed with water (5 mL) followed by 1.5:200:50 (v/v/v)
H3PO4/EtOH/H,0 (5 mL) to elute the desired product. HPLC retention times were

compared to those of non-radioactive authentic standards.

2.5.8 Stability Study
Compound 5a (20 puL of a 6.9 mg/mL solution in MeOH) was added to 1.5:200:50

(v/iviv) H3POLEtOH/H,0 (160 uL). Samples were taken at 5 and 40 min. and

analyzed by reverse-phase HPLC (method C).

2.6 Supporting information

HPLC chromatograms for labelled compounds, *H and *C NMR spectra, FTIR
spectra and HRMS of all fluorous precursor compounds. This material is available

online at http://onlinelibrary.wiley.com/doi/10.1002/jlcr.3214/suppinfo.
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Chapter 3 - A Fluorous Analogue of Chloramine-T:
Preparation, X-Ray Structure Determination and Use as

an Oxidant for Radioiodination and s-Tetrazine Synthesis

The following chapter has been accepted as a full article for publication in
The Journal of Organic Chemistry (DOI: 10.1021/acs.joc.5b00988) under the
authorship: James P. K. Dzandzi, Denis R. Beckford Vera, Afaf R. Genady, Silvia
A. Albu, Louise J. Eltringham-Smith, Alfredo Capretta, William P. Sheffield, and
John F. Valliant.

I was responsible for the preparation and characterization (including
crystal growth) of the fluorous oxidant, fluorous precursor compounds,
development of the platform and completing radioiodination reactions on small
molecules and proteins. | contributed to drafting the manuscript including the
entire experimental section. Dr. Beckford Vera was responsible and
acknowledged for help with optimization of the radiolabelling experiments and
contribution to manuscript. Dr. Genady prepared the bifunctional hydrotetrazine
while the tetrazine work was initiated through collaboration with Drs. Albu and
Capretta. Louise Eltringham-Smith performed the protein assays. Prof. William
Sheffield designed the protein assay experiments and provided editorial input.
Prof. John Valliant was responsible for the overall structure of the manuscript and

project, along with key scientific input and editorial reviews.
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A Fluorous Analogue of Chloramine-T: Preparation, X-
Ray Structure Determination and Use as an Oxidant for

Radioiodination and s-Tetrazine Synthesis

3.1 Abstract

A fluorous oxidant that can be used to introduce radioiodine into small
molecules and proteins and generate iodinated tetrazines for bioorthogonal
chemistry was developed. The oxidant was prepared in 87% overall yield by
combining a fluorous amine with tosyl chloride, followed by chlorination using
aqueous sodium hypochlorite. A crystal structure of the oxidant, a fluorous
analogue of chloramine-T, was obtained, and the compound was shown to be
stable for 7 days in EtOH and greater than three months as a solid. The oxidant
was effective at promoting the labeling of arylstannanes using [*°1]Nal, where
products were isolated in high specific activity in yields ranging from 46% to
86%. Similarly, iodinated biologically active proteins (e.g. thrombin) were
successfully produced, as well as a radioiodinated tetrazine, through a
concomitant oxidation-halodemetallation reaction. Because of its fluorous nature,
unreacted oxidant and associated reaction byproducts can be removed
quantitatively from reaction mixtures, by passing solutions through fluorous solid
phase extraction cartridges. This feature enables rapid and facile purification,
which is critical when working with radionuclides and similarly beneficial for

general synthetic applications.
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3.2 Introduction

lodine is one of the only elements that has commercially available isotopes

that can be used for single photon emission computed tomography (SPECT,

123|)1,2 124|)

and positron emission tomography (PET, imaging,® targeted

B311y#% and pharmacokinetic, pharmacodynamic® and in vitro

radionuclide therapy (
assay experiments (*?°1). For drug development, particularly for biologics,
radiotracer techniques based on isotopes like *?°I have a number of advantages
over newer mass spectrometry and fluorescence-based methods particularly with
respect to avoiding matrix effects and the need for extensive method
development.’

Synthetic strategies used to introduce radioactive isotopes of iodine must
be rapid, high yielding and require minimal purification and handling. For small
molecules the predominant synthetic method involves oxidative demetallation,
whereas for proteins, oxidative labelling of tyrosine residues or the use of
prosthetic groups such as the Bolton-Hunter reagent®® or N-succinimidyl-3-
iodobenzoate (SIB)**!* for labelling lysine residues are the principal methods of
choice. Although generally effective, these procedures typically require HPLC or
a comparable bio-purification technique to remove unreacted starting materials,
including excess oxidant and impurities, which increase contamination and
exposure risks and reduces overall yields.

To address these issues, new synthetic methods for rapid introduction of

iodine and in situ purification have been reported recently. These include
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17-20 methods that allow for

polymer-supported>*® and fluorous labelling
expedited “HPLC-free” preparation of iodine-based radiopharmaceuticals.
Although a great deal of emphasis has been placed on creating new labelling
constructs, the nature of the oxidants used for iodination reactions has remained
unchanged for some time.?! Peroxide and peracids are regarded as the ideal choice
since they ultimately form benign reaction side products. However, they often
give inconsistent yields and can degrade proteins.?” lodogen, chloramine-T (CAT)
and iodobeads have been shown to be effective reagents for labelling proteins®
and small molecules,?® but difficulties associated with the removal of excess
oxidant, formation of unwanted byproducts or slow reaction rates due to the
heterogeneous nature of certain reactions reduces their effectiveness and can
obviate any advantages gained using polymer, fluorous or other newer labelling
methods.'%%

We sought to develop a new oxidant capable of introducing iodine into
both small molecules and proteins that can be conveniently removed from
reaction mixtures without the need to use HPLC. This lead to the preparation and
characterization of a new high fluorine content (fluorous) oxidant that can be
selectively separated from labelled materials by passing the reaction solution
through a fluorous solid-phase extraction cartridge. While fluorous chemistry has
not become a routine method for general synthetic chemistry and drug

development, it is well-suited for radiochemistry, given the small scale of

reactions that typically take place at micromolar to nanomolar concentrations, and
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the need for rapid and facile purification methods. Not only can the fluorous
oxidant reported here be used to label arylstannanes and proteins, it was also
shown to be very effective for producing functionalized tetrazines, which are

emerging as highly effective synthons for bioorthogonal labelling reactions.> 2

3.3 Results and Discussion
3.3.1 Preparation and characterization

A review of the literature revealed a limited number of fluorous oxidants
have been reported and that these are not suitable for iodination reactions which
must be rapid, selective and high yielding.?>* We therefore opted to prepare a
fluorous analogue of chloramine-T (F-CAT), since the oxidant has been used
effectively with a wide range of substrates. The first step involved treating p-
toluenesulfonyl chloride with an excess of a commercially available fluorous
amine 2 in ethanol (Scheme 3-1).%¢ After 30 min the desired product was isolated
by silica gel chromatography in 89% vyield. The NMR and HRMS data were
consistent with the formation of the sulfonamide 3, which was obtained as a
crystalline solid. N-chlorination was achieved by the treatment of a chloroform
solution of 3 with aqueous sodium hypochlorite (6%, wi/v). The N-chloro
fluorous-sulfonamide 4 was isolated by simple extraction and the desired product
obtained in quantitative yield. 'H NMR revealed that the signal corresponding to
the NH group in 3 (4.51 ppm) was absent following chlorination and the IR
spectrum lacked the NH stretch (3263 cm™) observed in the sulfonamide 3, as

reported previously for similar N-alkyl sulfonamides.®*® In the *C NMR
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spectrum, the signal corresponding to the methylene carbon adjacent to the N-CI

group shifted downfield compared to that in 3, which is consistent with NMR data

for chlorination of non-fluorous sulfonamides.3%4°

Scheme 3-1. Synthesis of N-chloro-N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecyl)-4-methylbenzenesulfonamide (F-CAT) 4.

? RNH,, 2 Q R NaOClyg O R
§-Cl ————> SN S-N
1 3 4

R = (CH,)3(CF»);CF3

Single crystals of compounds 3 and 4 were obtained by slow evaporation

of saturated chloroform solutions, and the associated X-ray structures determined
(Figure 3-1). The data for 3 can be found in the supporting information, and key
bond lengths and angles for 4 are presented in Tables 3-1 and 3-2 in comparison
to the corresponding data reported for CAT.** The previous published crystal
structure of CAT revealed a salt which formed an aquo-bridged dimer** whereas 4
is neutral and monomeric with S-O bond distances being similar (1.424(3) and
1.428(3) A). The S-N bond length (1.677(3) A) was longer than in CAT (1.590(2)
A), whereas the N-CI bond distance in 4 (1.733(3) A) was shorter. The differences
are in part due to the ionic nature of CAT, which is also evident in the melting

points (167-170 °C versus 77-79 °C) for the two compounds.
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Figure 3-1. ORTEP drawings of the crystallographically determined structures of
(A) 3 and (B) 4. Thermal probability ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity.

Table 3-1. Comparison of select bond lengths (A) for CAT* and 4 (F-CAT).

CAT F-CAT (4)

Bond Length (A) Bond Length (A)
S-0(1) 1.455(2) S-0(1) 1.428(3)
5-0(2) 1.439(2) 5-0(2) 1.424(3)

S-N 1.590(2) S-N 1.677(3)

N-CI 1.750(2) N-Cl 1.733(3)
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Table 3-2. Comparison of select bond angles (deg) for CAT* and 4 (F-CAT)

CAT F-CAT (4)
Bond Angles (deg) Bond Angles (deg)
S-N-CI 110.9(1) S-N-ClI 111.9 (3)

0(2)-S-0(2) 116.1(1) 0(2)-S-0(2) 120.23 (18)
0O(2)-S-N 103.6(1) 0O(2)-S-N 106.48 (17)
0(2)-S-C(1) 103.3(1) 0(2)-S-C(1) 109.36 (18)
O(1)-S-C(1) 105.8(1) O(1)-S-C(1) 108.50 (18)
N-S-C(1) 109.6(1) N-S-C(1) 107.94 (17)

With respect to stability, HPLC analysis of an ethanol solution of 4 after
24 hours (Figure 3-2A) showed no significant decomposition. After 7 days in
solution, a new peak at 8.4 min (Figure 3-2B) did appear which corresponded to
approximately 10% of 3. Notwithstanding, F-CAT is stable for more than three

months when stored as a solid at room temperature.

T T T T T T T
o.00 200 400 &.00 a.00 10.00 1200 14.00

. . - . . . - . . - - . - - . - - - - . - - - T - - - T
o.00 = 00 400 6.00 8.00 10.00 1200 14.00
Minutes

Figure 3-2. UV-HPLC chromatograms of a solution of compound 4 in ethanol
after A) 24 hours and B) 7 days. The peaks at tg = 8.4 and 8.9 min correspond to
compounds 3 and 4 respectively.

3.3.2 Radiochemistry

To evaluate the ability of the oxidant to promote labelling of small

molecules, a series of fluorous stannanes were used. The advantage of fluorous
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stannanes over simple trialkyl tin derivatives is that the excess starting stannane
and the oxidant can be removed selectively by passing the reaction mixture
through a fluorous solid-phase extraction (FSPE) cartridge. The specific approach
employed minimized sample handling, and involved loading the fluorous tin
derivative on fluorous silica, prior to addition of the oxidant and iodide. After a
set period of time, the desired product was eluted using a fluorophobic solvent
(EtOH/H,0).

As an initial test of the reactivity of F-CAT, the radioiodination of
fluorous-tin benzoic acid (FBA) 5a loaded onto fluorous silica was performed
(Scheme 3-2). Using parallel reaction mixtures, HPLC analysis of the eluent
(80:20 v/v EtOH/H,0O) was performed at different time points following the
addition of [**I]Nal and oxidant. After 30 minutes HPLC (Figure 3-3) showed
complete consumption of the iodide, a single peak in the gamma chromatogram
and no detectable amount of fluorous oxidant in the corresponding UV-HPLC
chromatogram, where the limit of detection was 2 pg/mL. When the amount of
oxidant used was doubled (100 versus 200 pg of 4), the isolated yield of 5b
increased from 69 * 5% to 82 = 4%. Further increases in the amount of F-CAT
did not improve the isolated yield. In all experiments, 5b was obtained in greater

than 98% radiochemical purity and high specific activity (> 240 Ci/mmol).
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Scheme 3-2. Model reaction used to test F-CAT as an oxidant.

CO,H CO,H
F-CAT
B
Nal, AcOH
SnR, I
ba 5b

R™ = (CHp),(CF2)sCF4

0.124

A o

0.083
0.06

AU

0.04]
0.02]
0.00 J\u*

100.00

80.00]

60.00]

mvV

40.00

20.00

0.004
0.00 2.00 4.00 6.00 8.00 1000 12'00 14.00
Minutes

Figure 3-3. HPLC traces of **I-iodobenzoic acid 5b co-injected with an authentic
sample of 4-iodobenzoic acid (elution method B). A) UV-HPLC chromatogram.
B) y-HPLC chromatogram. Note that the precursor 5a elutes at 12.5 min and that
the y- and UV detectors are connected in series.

The fluorous oxidant 4 was used subsequently to label a range of different
arylstannanes whose synthesis we reported previously,® including precursors of
known radiopharmaceuticals such as meta-iodobenzylguanidine (MIBG). All
experiments were performed in triplicate and the products analyzed by gamma-
and UV-HPLC to determine radiochemical purity and detect the presence of any

residual oxidant. Isolated radiochemical yields ranged from 46% to 86% (Figure
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3-4), with radiochemical purities greater than 97%. In no case was there evidence
of any oxidant or precursor in the final product and the radiolabelling yields were
generally higher than those reported using CAT as the oxidant.?’ This is largely
due to the fact that a larger quantity of the fluorous oxidant can be used compared
to CAT without being concerned about breakthrough during SPE purification,

which would lead to contamination of the product.
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R R R
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RCY = 82+4% RCY = 4624% RCY = 73+5%
f ;
O-N- O N> Ne, J\Jl\H
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Figure 3-4. Structures of the fluorous precursors and corresponding radioiodinated
compounds prepared using F-CAT 4. RCY = Isolated radiochemical yield (n = 3).
R'= CHQCHz(CFz)5CF3
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3.3.3 Protein Labelling

The use of CAT as an oxidant for iodination of biomolecules has been
widely reported.’®** However, there is concern about direct exposure of
proteins to the oxidant, which is soluble in aqueous reaction media.****
Consequently the water-insoluble oxidant iodogen is often used® since it can be
employed as a thin film coated onto the wall of the reaction vial which minimizes
direct interaction with the biomolecule being labelled. Given the insoluble nature
of fluorous compounds in media typically employed for biomolecule iodination
reactions, the ability of 4 to effectively label proteins was investigated.

Two proteins were selected as model candidates: thrombin and a fusion
protein of human serum albumin fused to the C-terminus of hirudin variant 3
protein (HSACHV3).**” Thrombin is the final effector enzyme generated by the
coagulation cascade, and it activates platelets and converts fibrinogen into active
fibrin.*® It is tightly regulated by protease inhibitors of the serpin protein family,
which trap thrombin in covalent complexes, whose formation can be monitored
via SDS-PAGE and autoradiography.*” HSACHV3 is a fusion protein under
investigation as a fully latent, plasmin activatable, long-lasting hirudin, of
potential benefit in thrombotic disorders resistant to natural or pharmacological
clot lysis.***® Many fusion proteins based on albumin or on the Fc portion of
immunoglobulin G are either in clinical development or have reached the

clinic.>%>2
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Thrombin and HSACHV3 were labelled separately using equivalent
amounts of 4 and iodogen under identical reaction conditions. The labelled
proteins were purified and concentrated using centrifugal filters (Amicon®) and
the activity in both the protein concentrates and supernatant solutions measured
using a calibrated Nal(TIl) well counter. SDS-page and in vitro assays were
performed to compare the purity and function of the products produced using the
two different oxidants.

Thrombin activity following labelling was quantified by assessing the rate
of cleavage of a chromogenic substrate S-2238 using labelled thrombin
concentrations of 14, 7 and 3.5 nM produced using both F-CAT and iodogen. The
rates were compared to unmodified thrombin as a positive control and buffer as
the negative control. At all concentrations of labelled thrombin produced using
either oxidant, there was no significant difference among the mean rates of
substrate cleavage (Supporting Information, Figure S3-22). For analysis of
labelled HSACHV3, the isolated products from F-CAT or iodogen labelling were
first incubated with plasmin. The fusion protein was designed to be cleaved by
plasmin, releasing the active hirudin (HV3) molecule.®® Following incubation of
labelled HSACHV3 with plasmin, the resulting reaction mixture was analyzed by
SDS-PAGE and autoradiography (Figure 3-5). The results showed that '*I-
HSACHV3 produced using F-CAT 4 was indistinguishable from that made using
iodogen. What was also evident was a reduction in lower molecular weight

impurities.
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Cleavage of HV3 from HCH by Plasmin - F-CAT Method of lodination Cleavage of HV3 from HCH by Plasmin - lodogen Method of lodination
e —
- - -
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k +Plasmin «—— -Plasmin —» +Plasmin +— -Plasmin —»

Figure 3-5. SDS-PAGE gel showing the products produced as a function of time
by cleavage (+plasmin) of HV3 from **°I-HSACHV3 prepared using A) F-CAT
and B) lodogen. Controls run in the absence of plasmin (-Plasmin) are also
shown. HV3 = hirudin, HSA = human serum albumin and C is the plasmin
cleavage site.

3.3.4 Tetrazine labelling

As an alternative to direct protein labelling, pre-targeting strategies that
employ bioorthogonal coupling reactions are being used increasingly to develop
molecular imaging probes and to study the distribution of new biological
agents.>*>*® Of the many reactions being evaluated, the trans-cyclooctene (TCO)
and tetrazine (Tz) coupling strategy has been shown to be particularly
effective.®?"*® Here a TCO labelled targeting vector is administered and
allowed to bind to its target in vivo and clear from non-target tissues, prior to
administration of a radiolabelled tetrazine. The two components undergo a rapid
inverse electron demand Diels-Alder reaction, thereby forming a covalent bond
between the radiolabelled tetrazine and the TCO-modified targeting vector. This
approach has a number of advantages over conventional targeting approaches for
molecular imaging and has produced impressive results using a range of different

isotopes.>® %
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An iodinated tetrazine could be used as a convenient synthon to label
biomolecules for in vitro assays and pharmacokinetic and pharmacodynamics
studies. One critical advantage of the approach is that a non-radioactive TCO-
labelled biomolecule could be prepared, purified and stored until needed.
Leveraging the rapid kinetics, high yields and bioorthogonal nature of the TCO-
tetrazine reaction, the labelled form can be generated as needed by simply adding
the iodinated tetrazine. To determine if iodination using F-CAT would provide a
convenient method to produce and purify an '?I-labelled tetrazine, we
synthesized 3-(pyridin-2-yl)-6-(5-(trisperfluorostannyl)pyridin-2-yl)-1,2-dihydro-
1,2,4,5-tetrazine 14a (fluorous-dihydrotetrazine), and loaded it onto a fluorous
silica support. F-CAT was then employed to simultaneously oxidize 14a to the
tetrazine and promote the halodemetallation reaction with [**I]Nal (Scheme 3-3).
This approach was used, as opposed to labelling a tin-tetrazine derivative directly,
because the fluorous-dihydrotetrazine is stable for extended periods of time when
stored at -10 °C. The reaction was allowed to proceed for 30 min after which the
desired product was eluted using an EtOH-water solution, in 69+4% (n=4)
radiochemical yield in greater than 98% radiochemical purity, without the need to
employ purification by HPLC. The HPLC retention time of the product matched
that of the authentic non-radioactive standard (Figure 3-6), and there was no

evidence of any oxidant or precursor in the final product.
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Scheme 3-3. F-CAT-mediated, simultaneous oxidation and labelling reaction to
produce an iodinated tetrazine for use in bioorthogonal coupling reactions.
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Figure 3-6. A) y-HPLC chromatogram of [?I]iodotetrazine 14b (R; = 14.2 min.).
B) UV-HPLC chromatogram of the same reaction mixture. C) y-HPLC and D)
UV-HPLC chromatograms of 14b spiked with the non-radioactive reference
standard.

To verify that the iodinated tetrazine was suitably reactive, 14b was
treated with (E)-cyclooct-4-enol (TCO-OH) in MeOH/H,O for 15-20 sec.
Analytical HPLC analysis of the reaction mixture revealed no evidence of residual
14b and the formation of multiple peaks associated with the different Diels-Alder
adducts and subsequent oxidation products, consistent with literature reports on
comparable tetrazine reactions (Figure 3-7A).2*%®" The reaction was also

repeated in the presence of a small amount of the non-radioactive analogue of 14b

75



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

and the mixture analyzed by HPLC (Figure 3-7B) where there was good

concordance between the gamma and UV chromatograms.
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Figure 3-7. A) y-HPLC chromatogram of the reaction mixture containing 14b, its
non-radioactive analogue, and (E)-cyclooct-4-enol. B) UV-HPLC chromatogram
of the same reaction mixture.

The chemistry used to prepare 14b suggested that the fluorous oxidant
would also be useful for the synthesis of tetrazines themselves. Tetrazines are
typically prepared by combining nitriles with hydrazine to form the corresponding
1,4-dihydro-s-tetrazine that is then oxidized. A range of oxidants can be used for
the final step including sodium nitrite.?>®*®° For the widely used bifunctional
tetrazine 16, the preparation (Scheme 3-4) reported by Fox and coworkers®
involved the use of DDQ since nitrite can oxidize the amino group. While
successful, we and others found the method produced a number of byproducts that

complicated purification.”® When 15 was treated with F-CAT the reaction was

free from any unexpected impurities and the desired product, which was easily
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separated from the fluorous oxidant, was isolated in 86% yield from the

dihydrotetrazine.

Scheme 3-4. Preparation of 6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-
amine using DDQ or F-CAT.
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3.4 Conclusion

A new fluorous oxidant that is an analogue of chloramine-T was
synthesized and shown to be an effective reagent for labelling small molecules
and proteins with **I. In the case of biomolecules, F-CAT can be used as a water
insoluble analogue of chloramine-T and a substitute for iodogen. The fluorous
chloramine-T derivative 4 is stable as a solid for months and in solution for up to
seven days and can be prepared in large quantities in two steps from commercially
available starting materials. The fluorous nature of the oxidant is such that high
purity radioiodinated compounds, including labelled tetrazines for use in
bioorthogonal chemistry, can be prepared without HPLC purification in high

effective specific activity, and free from any residual precursor and oxidant.
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3.5 Experimental

3.5.1 Reagents and general procedures

Unless otherwise stated, all chemical reagents were purchased and used as
received from Sigma-Aldrich, without further purification. Compounds 5a to 14a
and 15 were prepared as previously described.?>?*®” FC-72 was purchased from
3M, while 4,455,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecan-1-
amine 2 was purchased from Fluorous Technologies Inc. SiliaFlash® P60 Silica
gel from SiliCycle was used for silica gel chromatography. Analytical thin-layer
chromatograms (Merck F254 silicagel on aluminum plates) were visualized using
ultraviolet (UV) light. Polypropylene solid-phase-extraction (SPE) tubes were
purchased from Sigma-Aldrich. Sep-Pak® C18 Plus cartridges were purchased
from Waters Corporation. Amicon® Ultra-4 centrifugal filter units were
purchased from EMD Millipore. Sodium [**I]iodide with a specific activity of
~17 Ci/mg was purchased from the McMaster Nuclear Reactor (Hamilton, ON,
Canada). Caution: I is radioactive and should only be handled in an

appropriately equipped and licensed facility.

3.5.2 Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker DRX-
600 spectrometer with chemical shifts reported as & values in parts per million
(ppm) relative to the residual proton signal of the deuterated solvent or the carbon
signal of the solvent. Infrared (IR) spectra were acquired using a Nicolet 6700 FT-

IR spectrometer. Low-resolution mass spectra were obtained on an Agilent 630
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ion trap electron spray ionization (ESI) instrument, using a Waters 1200 series LC
system, H,O/MeOH (1:1). High-resolution mass spectra (HRMS) were obtained
using a Waters Micromass Global Ultima Q-TOF in ESI mode. A Capintec CR-
25R dose calibrator was used for measuring the amount of radioactivity employed
during the radiosynthesis protocols. Analytical (Method A and B) high-
performance liquid chromatography (HPLC) was performed using a Waters 1525
Binary HPLC system fitted with a 2998 PDA detector (254 nm), a Bioscan y
detector (dwell time of 5 sec in a 10 pl loop) and a Phenomenex Gemini-C18
column (4.6 x 100 mm, 110 A, 5 um) at a flow rate of 1.0 mL/min. Analytical
HPLC (Method C) was performed using a Varian ProStar Model 230 instrument,
fitted with a Varian ProStar model 330 PDA detector, an IN/US y-RAM gamma
detector, a Star 800 analog interface module and a Phenomenex Gemini-C18
column (4.6 x 100 mm, 110 A, 5 pm). The wavelength for UV detection was set
at 254 nm, and the dwell time in the gamma detector was 5 sec in a 10 pul loop.
The mobile phase was composed of solvent A = H,O (0.1% TFA), and solvent B
= CH3CN (0.1% TFA). Method A: 0-7 min, 20-100% B; 7-15 min, 100% B.
Method B: 0-7 min, 20-100 % B, 7-14 min, 100% B. Method C: 0-5 min, 20-100
% B, 5-14 min, 100% B. For calibration curves, each calibration solution was
evaluated in triplicate and the data analyzed by the least-squares method. The
limit of quantitation and the limit of detection were calculated using the standard

deviation method.”
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3.5.3 Synthesis of Primary Compounds 3, 4
N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)-4-

methylbenzenesulfonamide (3). p-Toluenesulfonyl chloride 1 (0.095 g, 0.5
mmol) was weighed into a 10 mL round bottom flask equipped with a stir bar.
Ethanol (95%, 2 mL) was added and the solution stirred until 1 was completely
dissolved. 4,455,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecan-1-
amine 2 (0.477 g, 1 mmol) was added to the solution with stirring at room
temperature. The initial colorless reaction mixture became heterogenous after a
few minutes. Stirring was continued until the reaction was complete (monitored
by TLC in n-hexane:EtOAc, 3:1 v/v). The mixture was subsequently concentrated
under reduced pressure and the product isolated by silica gel column
chromatography using a gradient of 10-30% n-hexane:EtOAc. The fractions
containing the product were combined and the solvent was removed to afford 3 as
a white crystalline solid. Yield (0.281 g, 89%); mp 108-111 °C; FTIR (KBr) 3263,
2957, 1959, 1600 cm™; *H NMR (600 MHz, CDCl3) & 7.75 (d, J = 8.3 Hz, 2H,
Ar-H), 7.32 (d, J = 8.2 Hz, 2H, Ar-H), 451 (t, J = 6.4 Hz, 1H, NH), 3.05 (g, J =
6.7 Hz, 2H, NCH,), 2.43 (s, 3H, Ar-CH3), 2.15-2.06 (m, 2H, CH,CF,), 1.82-1.77
(m, 2H, CH,); °C NMR (150 MHz, CDCls) & 143.9, 136.9, 130.0, 127.2, 42.4,
28.2 (m), 21.6, 21.1; HRMS (ESI") m/z calcd for CigH1sNO,SFy; [M+H]"

632.0552, found: 632.0541.

N-Chloro-N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-4-

methylbenzenesulfonamide (4). The sulfonamide 3 (0.252 g, 0.4 mmol) was
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dissolved in CHCI; (10 mL) in a 50 mL round bottom flask equipped with a stir
bar. Aqueous NaOCI (6% wi/v, 10 mL) was added and the biphasic reaction
mixture stirred vigorously at room temperature. Stirring was continued until the
reaction was complete (monitored by TLC using 3:1 v/v hexane:EtOAc). The
reaction mixture was transferred into a separatory funnel and the CHCI3 layer
separated and the aqueous layer extracted with CHCI3 (3 x 5 mL). The combined
organic layers were dried over anhydrous Na,SO, and concentrated by rotary
evaporation to afford a white solid. Yield (0.260 g, 98%); mp 77-79 °C; FTIR
(KBr) 2930, 1958, 1595 cm™; *H NMR (600 MHz, CDCl3) & 7.82 (m, 2H, Ar-H),
7.40 (d, J = 8.0 Hz, 2H, Ar-H), 3.33 (t, J = 6.3 Hz, 2H, NCH,), 2.48 (s, 3H, Ar-
CHs), 2.27-2.18 (m, 2H, CH,CF,), 2.03-1.98 (m, 2H, CH,); *C NMR (150 MHz,
CDCI3) & 145.7, 129.8, 129.6, 55.6, 27.8 (m), 21.7, 18.3; HRMS (ESI*) m/z calcd

for C1gH17N20,SF17,Cl [M+NH,]* 683.0428, found: 683.0439.

3-(5-Aminopyridin-2-yl)-6-(pyridin-2-yl)-1,2,4,5-tetrazine (16). To a solution
of 3-(5-aminopyridin-2-yl)-6-(pyridin-2-yl)-1,4-dihydro-s-tetrazine 15 (50 mg,
0.20 mmol) in acetonitrile (5 mL) was added F-CAT 4 (146 mg, 0.22 mmol) and
the reaction mixture allowed to stir at 40 °C. After 12 hours the solvent was
evaporated under reduced pressure, the residue dissolved in methanol (300 pL)
and the product (43 mg, 86%) isolated as a red coloured solid using a
FluoroFlash® Cartridge and eluting with MeOH/H,0 (1:10, v/v). Characterization

data matched that reported in the literature.?®

81



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

3.5.4 General procedures

Preparation of coated fluorous silica. Fluorous silica (200 mg) was added to a
solution of fluorous precursor in chloroform (1 mL, 10 mg/mL) and the mixture
agitated by hand until a slurry was formed. After sitting at room temperature
overnight, the resulting powder (30 mg) was added to a polypropylene SPE tube
that contained 500 mg of unmodified fluorous silica previously washed with DMF
(2 mL), H20 (5 mL) and 80:20 (v/v) EtOH/H,0 (5 mL).

Small molecule radiolabelling. To an SPE cartridge containing the coated
fluorous silica, connected to a Sep-Pak® C18 Plus cartridge (820 mg
sorbent/cartridge), 10% acetic acid in EtOH (50 pL) was added followed by F-
CAT 4 (100 pL, 2 mg/mL in ethanol) and [***I]Nal (10 pL, 1.85 GBg/mL in 0.1
M NaOH). After 30 min at room temperature, Na;S;0s(q) (50 pL, 0.2 M) was
added and the system washed with water (5 mL) and a 0.09 M H3PO, solution of
EtOH/H,O (200 mL EtOH, 50 mL water, 1.5 mL conc. H3PO,4) and 1 mL
fractions collected and counted. HPLC retention times were compared to those for
non-radioactive authentic standards.

Protein radiolabelling. Eppendorf tubes were treated with 10 uL of oxidant
solution (2.0 mg/mL of iodogen in CHCI3; or 7.7 mg/mL of F-CAT 4 in CHCly)
and the solution allowed to evaporate. A magnetic stir bar was added followed by
protein (10 uL, 107 ug) in ice-cold phosphate buffered saline (PBS) (280 uL) and

[***1]Nal (10 pL, 37 MBq) and the mixture stirred slowly for 10 min. The reaction

was quenched by the addition of Na,S;0s5 (0.1 M, 100 uL) and diluted to a final
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volume of 1 mL with PBS. The content of the eppendorf tube was transferred to
an Amicon® Ultra-4 centrifugal filter unit and the eppendorf tube rinsed twice
with ice-cold PBS, which was added to the centrifugal filter unit, and the total
volume made up to 4 mL. The sample was centrifuged at 5000 x g for 10 min in
an Eppendorf 5473 centrifuge. The filtrate was transferred into a scintillation vial,
and the protein residue in the sample reservoir diluted with ice-cold PBS (4 mL)
and the centrifugation process repeated twice. After the final centrifugation the
residual protein was reconstituted in ice-cold PBS (1 mL) and transferred to an
eppendorf tube for analysis.

Thrombin Assay. Chromogenic substrate S2238 (Chromogenix, Instrumentation
Laboratory Company, Lexington, MA 02421-3125, USA) was diluted to 100 uM
in PPNE kinetics buffer (20 mM sodium phosphate pH 7.4, 100 mM NacCl, 0.1
mM EDTA and 0.1% w/vol polyethylene glycol). Samples (14 nM, 7 nM and 3.5
nM) of thrombin, and labelled thrombin prepared using iodogen and F-CAT were
prepared in PPNE kinetics buffer. Samples (30 pL) and buffer control (30 pL)
were added to microtitre wells. Diluted substrate S2238 (270 pL) portions were
added to each well and the optical density at 405 nm read immediately and at 15
seconds intervals for 5 min on the plate reader. Blank measurements of 300 pL
PPNE buffer only were also made.

HSACHV3 Cleavage and SDS-PAGE. Samples (10 pM) of HSACHV3,
iodogen labelled HSACHV3 and F-CAT labelled HSACHV3 were prepared in

PPNE buffer and then diluted to a final concentration of 376 nM with the total
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volume in each eppendorf vial being 200 pL. Plasmin (Enzyme Research
Laboratories Inc., South Bend, IN 46628, USA) was diluted to 12 pM in PPNE
buffer and added to each vial at a final concentration of 600 nM. Immediately
upon adding plasmin, at to, a 20 pL aliquot was removed from the reaction vial
and add to a tube containing 20 pL PPNE and 13 pL 4 x SDS gel sample buffer
and the vial placed in a 37 °C water bath. At 30 min, 1, 2, 3 and 4 hours, the
reaction vial was agitated before a 20 pL aliquot was removed and treated as the
aliquot obtained at to. A previously prepared 8% acrylamide gel was loaded with
the 20 puL samples. After staining, destaining and drying, the gel was exposed to

film overnight.

3.5.5 X-ray Structure Determination of 3 and 4

A crystal for each compound suitable for data collection was selected and
mounted in paratone oil on a MiTeGen head, then placed in the cold stream of the
diffractometer. Data were collected at 173 K using omega scans on a Bruker
APEX2 platform with a SMART 6000 area detector, and rotating anode
generating Cu Ka radiation (A= 1.54178 A). Data were processed using SAINT,"
corrected for absorption using redundant data (SADABS) and then solved using
direct methods with the SHELXTL"® program suite in the space group P2(1)/n.
All non-hydrogen atoms were refined anisotropically; hydrogen atoms were
placed in idealized positions riding on their constituent atoms, and updated after
each cycle of refinement. In the last stages of refinement, the largest residual peak

(0.49 eA-3) was associated with F15.
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3.6  Supporting Information
X-ray crystallographic data for 3 and 4; HRMS, 'H and "*C NMR spectra and

HPLC chromatograms. This material can be found in APPENDIX 1.
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Chapter 4 - **|1-Tetrazine and Inverse-Electron-Demand
Diels-Alder Chemistry: A Convenient Radioiodination
Strategy for Biomolecule Labelling, Screening, and

Biodistribution Studies.

The following chapter has been submitted as an article for publication in
Bioconjugate Chemistry under the authorship: Silvia A. Albu, Salma A. Al-Karmi
James P. K. Dzandzi, Aimen Zlitni, Denis Beckford-Vera, Alyssa Vito, Megan
Blacker, Nancy Janzen, Ramesh M. Patel, Alfredo Capretta and John F. Valliant. |
am responsible for the growing the iodo-tetrazine (I-Tz) crystal and interpretation
of the x-ray data, and performing the reported kinetic studies. I am also
responsible, in collaboration with Denis Beckford-Vera, for the experiments
involving the insulin derivative and **1-Tz, and preparing the lead compound for
biodistribution studies. | also contributed to writing the manuscript. Dr. Silvia
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%|-Tetrazine and Inverse-Electron-Demand Diels-Alder
Chemistry: A Convenient Radioiodination Strategy for
Biomolecule Labelling, Screening, and Biodistribution
Studies.

4.1 Abstract

A convenient method to prepare radioiodinated tetrazines was developed, such
that a bioorthogonal inverse electron demand Diels-Alder reaction can be used to
label biomolecules with '#1 for in vitro screening and in vivo biodistribution
studies. The tetrazine was prepared by employing a high-yielding oxidative halo
destannylation reaction that concomitantly oxidized the dihydrotetrazine
precursor. The product reacts quickly and efficiently with trans-cyclooctene
derivatives. Utility was demonstrated through antibody and hormone labelling
experiments and by evaluating products using standard analytical methods, in
vitro assays and quantitative biodistribution studies. The approach described
provides a convenient and accessible alternative to conventional protein
iodination methods that can expedite preclinical development and evaluation of

biotherapeutics.

4.2 Introduction

The radiolabelling of biomolecules with long-lived isotopes such as '#I

remains a fundamentally important method in drug development. Radiolabelled

biomolecules can be used in receptor binding assays and for assessing kinetics
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and quantification of tissue concentrations in biodistribution studies, of particular
importance for new biotherapeutics that include monoclonal antibodies, fusion or
recombinant proteins and related structures.® Quantitative biodistribution data is
critical to understanding dose-response relationships, where radioactive counting
methods are generally faster and more economical than ligand binding assays or
mass spectrometry based methods, which often require extensive method
development to accurately quantify protein concentrations.” Radioisotope based
methods based on '?| exhibit high sensitivity and have minimal sample matrix
interference and there is no need for extensive sample processing to extract the
labelled biomolecule. Rather, simple radioactive counting of the low energy
gamma emission (35 keV) is sufficient.

Labelling of proteins with '?°I has traditionally been accomplished by
direct iodination of tyrosine residues in the presence of oxidants like iodogen or
chloramine-T, or through coupling to lysine residues using a prosthetic group
such as the Bolton-Hunter reagent.>’® An alternative approach that has not been
described for ?I is to utilize newer bioorthogonal coupling strategies (BCS) to
conjugate the isotope to proteins. BCS involve highly efficient and selective
reactions between functional groups that are not influenced by the presence of
molecules found in biological systems.**** They have been used widely for
cellular fluorescence and in vivo imaging applications using both fluorescent dyes

and radiotracers derived from radionuclides such as *'C, ®F, %cu, %Ga, #zr, and
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11 1522 pretargeting applications in vivo, using BCS have produced images with

exquisite specificity and good target-to-non-target ratios. 31>19%

One particularly effective BCS involves the inverse electron demand
Diels-Alder reaction between derivatized tetrazines and trans-cyclooctene
(TCO).101"192223  This system offers a number of advantages including
biocompatibility, rapid and typically quantitative coupling yields, and the ease
with which TCO groups can be linked to biomolecules. Given the significant
number of biotherapeutics being developed, particularly antibodies and antibody
drug conjugates, access to an efficient ?°I labelling methodology would greatly
assist the evaluation of these new constructs. In this regard, we sought to develop
a convenient method to prepare an iodinated tetrazine and to demonstrate its

utility as a tool to radiolabel TCO-derived biomolecules, providing constructs that

can be used for in vitro assays and quantitative biodistribution studies.

4.3 Results and Discussion

Given the commercial availability of TCO derivatives for tagging
biovectors, which include succinimidyl carbonate functionalized cyclooct-4-enol,
our approach focused on the development of a convenient method to produce an
iodinated tetrazine. The target was an iodine derivative of a bispyridyl tetrazine
reported by Fox and coworkers, which was shown to couple to TCO derivatives
with a second order rate constant of 1140 + 40 M* s* in methanol.** A DOTA
derivative of a related tetrazine was used to great success by Rossin, Robillard

and coworkers for in vivo tumor imaging studies.*
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The iodinated dihydrotetrazine 3 (Scheme 4-1) was prepared by taking
advantage of the differential reaction rates between 2-cyanopyridine 1 and the
iodinated pyridine-nitrile 2.” The highest yield of 3 (37%) was realized when a 4-
fold excess of 1 was coupled with 5-iodopicolinonitrile in the presence of
ethanolic hydrazine. Oxidation of 3 using NaNO, in acetic acid gave the desired
tetrazine 4a in 90% yield. This compound served as the reference standard for the

radiochemical work.

Scheme 4-1. Synthesis of iodotetrazine 4a.
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Single crystals of 4a were obtained by slow evaporation of a saturated
chloroform solution over multiple days. The structure (Figure 4-1) revealed the
compound contained a single iodine atom, which as expected was located para to
the tetrazine ring. The C-1 bond was 2.089 A, which is similar to the C-1 bond
distance in 4-iodopyridine (2.100(5) A),> while the bond distances between the
tetrazine and the two pyridine rings were similar (1.485(6) and 1.476(5) A) (Table
4-1). The pyridine ring containing the iodine substituent was effectively coplanar

with the tetrazine (dihedral angles = 4.2°), while the unsubstituted pyridine ring
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had a dihedral angle of 8.2°. In the structure of 3,6-bis(2-pyridyl)-1,2,4,5-
tetrazine, the pyridyl groups were twisted from the central tetrazine with a
dihedral angle of 19.1° as previously described,?® while for the phenyl analogue
the angle was 1°2" For 3-phenyl-6-(2-pyridyl)-1,2,4,5-tetrazine containing one
aryl group and one pyridine ring, the structure was also coplanar, which is unusual

for aromatic rings with N-atoms in adjacent ortho positions.

Figure 4-1. ORTEP drawing of 4a. Thermal probability ellipsoids are shown at
50%.
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Table 4-1. Bond distances, angles and torsional angles for 4a.

Bond Lengths (A)

11-C2 2.089(4) NI-Cl 1.341(5)
N1-C5 1.351(5)  N2-N5 1.324(5)
N2-C6 1.337(5)  N3-N4 1.316(5)
N3-C6 1.349(5)  N4-C7 1.351(5)
N5-C7 1.341(6) N6-C12  1.336(5)
N6-C8 1.352(5) C1-C2 1.387(6)
C3-C4 1.391(6) C2-C3 1.381(6)
C4-C5 1.394(6) C7-C8 1.485(6)
C5-C6 1.476(5) C9-C10  1.393(6)
C8-C9 1.388(6) C10-C11  1.392(6)
C11-C12 1.402(7)

Bond Angles (°)

C1-N1-C5 116.6(3)  N5-N2-C6 117.6(4)
N4-N3-C6 118.6(3)  N3-N4-C7 117.3(3)
N2-N5-C7 118.4(4)  C12-N6-C8 116.4(4)
C3-C2-11 121.6(3) Cl1-C2-11  118.8(3)
C4-C5-C6 120.2(3)  N1-C5-C6 116.8(3)
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N2-C6-C5 118.7(4)  N2-C6-N3  124.1(4)
N5-C7-N4 124.0(4)  N3-C6-C5 117.2(3)
N4-C7-C8 118.4(4) N5-C7-C8 117.6(4)
N6-C8-C7 116.6(4) C9-C8-C7 119.8(4)

Torsional Angles (°)
N1-C5-C6-N2 4.2(6)

N5-C7-C8-C9 -8.2(6)

The UV spectrum of 4a in MeOH (Figure 4-2) shows a low energy n-n*
transition between approximately 475 and 600 nm with a maximum at 535 nm.?®
Additional bands associated with the tetrazine = -n* were also observed at higher
energy. The kinetics of the reaction between 4a and (E)-cyclooct-4-enol (TCO-
OH) was examined using UV spectroscopy by monitoring the disappearance of
the absorbance at 535 nm as a function of time, which was complete in seconds
(Figure 4-3). The second order rate constant k, was 229 + 20 M™s™, which is
slower than the parent bispyridyl tetrazine in the same solvent.?* While not
optimal for pretargeting strategies and in vivo coupling reactions, it is more than

adequate for in vitro biomolecule labelling.
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Figure 4-2. Absorption spectrum of 4a (800 uM) in MeOH.
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Figure 4-3. UV absorbance intensity at 535 nm versus time following the addition
of TCO-OH (8.7 mM) to 4a (0.8 mM) in MeOH.

For radiolabelling, conversion of 4a to the trialkylstannane, the obvious
precursor for introducing **°I, was unsuccessful and gave a complex mixture of
products. As a result, compound 5 was prepared in 76% vyield by treating 3 with
hexamethyldistannane (Scheme 4-2) in the presence of palladium acetate and

1,3,5,7-tetramethyl-2,4,8-trioxa-6-phenyl-6-phospha-adamantane (PA-Ph).*® This
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alternative approach is feasible since iodination reactions are done in the presence
of excess oxidant, which would not only promote the substitution of tin but would
also generate the desired tetrazine concomitantly. One practical advantage of this
strategy is that compound 5 was found to be stable as a solid in the freezer for

several months.

Scheme 4-2. Synthesis of **I-tetrazine 4b from 3 using a concomitant-oxidation
labelling strategy.
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Radiolabelling was performed by treating 5 with [**I]Nal and iodogen
and allowing the reaction to proceed for 15 min at room temperature. Overall
compound 4b could be synthesized and isolated by semi-preparative HPLC
(elution Method B) in 80% radiochemical yield, and the retention time of 4b
matched that for the non-radioactive 4a by analytic HPLC (Figure 4-4). The
iodotetrazine has a log P of 1.29,%° and was stable for at least 24 hours in PBS.
The latter feature provides the opportunity to use 4b for multiple biomolecule

labelling experiments from a single batch of **I-tetrazine.
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Figure 4-4. UV-HPLC-chromatogram of a mixture of 4a/4b (top). y-HPLC trace
of the same sample (bottom).

Initial studies of the Diels-Alder ligation reaction were carried out with the
non-radioactive tetrazine 4a and TCO (Scheme 4-3) in ethanol and PBS
buffer.*3" The reaction mixture showed an immediate change from purple to
colorless. Analytical HPLC evaluation of the crude reaction mixture revealed
three major peaks and no evidence of residual starting materials, which is
consistent with literature reports on other analogous TCO-Tz reactions. HRMS
followed by 2-D NMR studies of the isolated products allowed us to assign the
peaks observed in the HPLC. The peak eluting at ca. 20 min was a mixture of 7a

and 8a while the peak at 24 min was the oxidized product 9a. We were unable to

102



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

isolate sufficient quantities of the early eluting product 6a for NMR analysis as it
rearranged to the other products during purification. This peak did show an m/z
value comparable to 7a and 8a suggesting that it is a related isomer. In addition,
the relative amounts of the different products was sensitive to the reaction
conditions and times, as has been observed by others.*® After 2 hours under the
reaction conditions reported, *H NMR indicated the relative ratios of 7a:8a was

88:12 while after 12 hours the ratio was 65:35.

Scheme 4-3. Scheme 4-3. Reaction products formed following the combination of
4a/4b with TCO.
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For the tracer level reaction, 3.7 MBq of 4b was added to TCO which
proceeded to completion quickly (<1 min) in ethanol and PBS buffer. To ensure
consistency and generate reference standards, a reaction with 4a was run in
parallel. HPLC of the mixture after 4 min (Figure 4-5) revealed complete
consumption of the tetrazine and 3 peaks in both the UV (panel a) and gamma
(panel b) traces corresponding to the retention times for compounds 6a/b, 7a/b

and 8a/b, and 9a/b. After an additional 45 min compounds 6a and 6b underwent
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similar rearrangement to generate 7a/b, 8a/b and 9a/9b. These experiments
demonstrate that the tracer level work matches that of the reference standards and

that 4b can feasibly be used to label TCO-derived targeting vectors.
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Figure 4-5. a) UV-HPLC chromatogram of the reaction mixture containing 4a/4b
and TCO. b) y-HPLC traces of the same reaction mixture. c) UV-HPLC
chromatogram of the reaction mixture after an additional 45 min. d) y-HPLC
chromatogram corresponding to c¢). (Elution Method A).
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To evaluate the reaction of 4b with TCO-modified antibodies, a TCO-anti-
VEGFR2 conjugate was selected as the model compound. We have previously
shown that (E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl carbonate treated with
anti-VEGFR2 antibody retained its affinity for VEGFR2 and was an effective
agent for capturing tetrazine functionalized, ultrasound microbubbles.*
Compound 4b was incubated with the TCO-anti-VEGFR2 antibody and radioTLC
confirmed conjugation (see Supporting Information, APPENDIX 2). The product,
125|_1abelled anti-VEGFR2, was isolated in 69% radiochemical yield, which is
higher than previously reported for direct iodination of an anti-VEGFR2 antibody
using iodogen.*®* To demonstrate the '*I-labelled anti-VEGFR2 retained
specificity for VEGFR2, western blots were performed on cell lysates from
VEGFR2(+) H520 and VEGFR2(-) A431 cell lines. The positive control involved
the use of an unmodified anti-VEGFR2 antibody, which identified the expected
VEGFR2 protein band in the H520 lysate (but not the A431 lysate) when imaged
using chemiluminecence. A similar molecular weight band was identified by
autoradiography after incubation with '?I-labelled anti-VEGFR2 construct,
whereas no bands were identified using 4b alone (see Supporting Information).

The tetrazine-TCO system can be used to assess binding to target
molecules on cells using in vitro culture and conventional radioisotope assays.
We have also developed a simple flow chamber system to screen compounds,
taking advantage of the rapid kinetics of the TCO-tetrazine reaction (Figure 4-6).

The flow system was designed for screening targeted ultrasound microbubbles,
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but can also be used to test the binding of 4b to TCO-functionalized
biomolecules, under conditions that mimic fluid flow in blood vessels. Adherent
cells were plated in a sealed chamber and incubated with the TCO-antibody
construct of interest. The cells were washed with buffer, and then a solution of
125|_|abelled tetrazine 4b was allowed to flow through the chamber, at a rate
similar to that of capillary blood flow. After washing to remove excess and non-
specifically bound reagents, the cells were lysed and the amount of radioactivity
in the lysate determined relative to total cellular protein. In the case of TCO-anti-
VEGFR?2, there was nearly a 3-fold increase in '*I-tetrazine binding to cells
incubated with TCO-anti-VEGFR2, compared to with cells not incubated with
that antibody (Figure 4-7). One could envisage expanding this approach to a
parallel screening strategy where multiple wells of cells treated with different
TCO-modified antibodies are exposed to 4b, and the amount of binding

determined by radioactivity bound to cells in each well.

Cells

D J<—— Rubber gasket

Figure 4-6. Schematic of the flow assay system.
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Figure 4-7. Data from flow chamber assay of 4b binding to H520 cells previously
incubated with (a) or without (b) TCO-anti-VEGFR2 antibody. The binding of 4b
was significantly higher in TCO-tagged cells compared to untreated H520 cells.
Data is expressed as counts per minute (CPM) per ug of protein found in each
sample (n=5). Statistical analysis was done using a one-way ANOVA (* p <
0.05).

In addition to in vitro screening for antibody binding, 4b can be used to
assess the biodistribution of TCO-derived biomolecules. To demonstrate this, the
biodistribution of the **I-labelled anti-VEGFR2 antibody was determined at 24,
48 and 72 hours post injection, in C57BI/6 mice. There was significant initial
uptake in the bladder, gall bladder, intestines, liver, spleen, and stomach, which
eventually cleared, reaching less than 1% ID/g at 72 hours (Figure 4-8). The blood
levels ranged from 0.43 + 0.05 %ID/g at 24 hours to 0.17 + 0.01 %ID/g at 72
hours. The thyroid uptake, which is the result of release of free 1-125 in vivo, was
5.03 £ 0.38 %ID/g, 15.84 + 0.60 %ID/g and 9.88 0.43 + 5.94 %ID/g by 24, 48 and
72 h respectively, which are typical thyroid values, when using a radioiodinated
antibody in a healthy mouse model. The distribution data is also in general

agreement with a SPECT/CT study of directly iodinated, '?*|- anti-VEGFR2
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antibody that was performed in a mouse arthritis model where rapid clearance was

also observed by 24 hours.®
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Figure 4-8. Biodistribution of **I-labelled, anti-VEGFR2 antibody, produced
using 4b, in female C57BI/6 mice. Mice were injected with ~0.17 MBq and
sacrificed at 24, 48 and 72 h post-injection. Data are expressed as percent injected
dose per gram of tissue (%I1D/g). Uptake levels in all tissues can be found in the
Supporting Information.

It is important to note that the iodo-tetrazine can be used for labelling
proteins other than antibodies. Smaller proteins are often difficult to iodinate,
particularly if they have multiple tyrosine residues. In the case of insulin for
example, preparation of **°I-Al4-insulin requires extensive HPLC purification of
radioactive material to remove impurities that are associated with iodination at
other tyrosine residues. As an alternative approach (Scheme 4-4), TCO was added
to the 'B-amine of insulin using a trifluoroacetyl-based protecting group

strategy,>* to produce the desired conjugate 12. Derivatization at the 'B site of
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insulin, which is known to have negligible impact on IR binding,*® was verified
by enzyme digestion and LC-MS analysis. The ICs, value for 12 was also
measured and was identical to that for native insulin determined using a
competitive binding assay against °1-Al4-insulin (see Supporting Information).
TCO-insulin was subsequently treated with 4b, which produced the desired
product 13 in quantitative yield in under a minute. There was no evidence of any
residual starting material in gamma trace and the product formed was again

consistent with that observed when using the non-radioactive reference standard.

Scheme 4-4. Synthesis of TCO-insulin 12 and its reaction with **I-tetrazine 4b.
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Further evaluation of 13, a novel *?I-labelled insulin derivative, is

ongoing, but there were a number of additional benefits to the '*°I-tetrazine
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approach to note. Firstly, it was far simpler to isolate the non-radioactive TCO-
insulin conjugate 12 than it is to purify the complex mixture that forms during
direct oxidative labelling of insulin, which requires extensive chromatography.

338 there was no need for

Secondly, unlike other insulin labelling methods,
additional protecting groups, because of the bioorthogonal nature of the labelling
reaction. Furthermore, large quantities of the TCO-insulin precursor can be
prepared and stored in a freezer for labelling, on an as needed basis, whereas with

directly labelled material, radiolytic degradation results in the product having a

limited shelf life.

4.4 Conclusions

A new methodology for labelling biomolecules with *?°I was developed
using an iodinated tetrazine. The advantage for radiolabelling is provided by a
convenient high yielding synthetic method that entails concomitant oxidation that
generates the tetrazine and promotes an iododestannylation reaction from a
precursor that can be stored for long periods of time. The iodotetrazine reacts
rapidly and efficiently with TCO-functionalized proteins, and the products can be
used for in vitro screening by conventional or flow-based assays, and in vivo to

assess biodistribution, in preclinical models.

45 Experimental
45.1 Reagents and general procedure

Unless otherwise stated, all chemicals and reagents were purchased and used as

received from Sigma-Aldrich without further purification. Solvents were
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purchased from Caledon. 1,3,5,7-Tetramethyl-2,4,8-trioxa-6-phenyl-6-phospha-
adamantane was purchased from Cytec Canada (CYTOP-292). Reaction products
were monitored using Alugram Sil G/UV,s, TLC plates and visualized under
ultra-violet light. Column chromatography was performed using Silica Flash P60
purchased from Silicycle. '®1 was obtained from the McMaster University
Nuclear reactor as a 0.1M NaOH solution, [***[]Nal. For labelling experiments,
radioactivity was measured using a dose calibrator (Capintec, Ramsey, NJ, USA).

Reactions requiring microwave irradiation were performed using a CEM
Discover microwave at 150W. *H and *C NMR spectra were recorded on Bruker
AV 700 spectrometer. *H Chemical shifts are reported in ppm relative to the
residual proton signal of the NMR solvents. Coupling constants (J) are reported in
Hertz (Hz). *C NMR chemical shifts are reported in ppm relative to the carbon
signal of the NMR solvents. Mass spectra experiments were performed in a
system consisting of a Waters 2695 HPLC coupled to a Water/Micromass Ultima
mass spectrometer or a Water/Micromass QToF Global Ultima mass spectrometer
for low and high resolution, respectively. For LCMS, a model 966 photodiode
array multi-wavelength detector was also used. Reverse phase analytical HPLC
was performed using a Varian Prostar instrument equipped with a 355 UV
detector, or a Waters 2489 HPLC equipped with a Waters 2489 UV/Vis (A = 254
nm) and a Bioscan glow count gamma detector (model 106). Elution protocols
were as follows: Analytic Method A - Mobile phases composed of 0.08 % TFA

in H,0 (A) and 0.08 % TFA in CH3CN (B), using 0-30 min gradient from 5% B
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to 95% B, with a Phenomenex, Gemini-NX column (C18, 110 A, 4.6 x 250 mm)
column, and a flow rate of 1 mL/min; Sem-preparative Method B — Mobile
phases, time and gradient same as Method A, but with a Phenomenex, Gemini-
C18 11A (250 x 10 mm, 5 micron) column, and a flow rate of 4 mL/min.
Analytic Method C — Mobile phases composed of 0.1 % TFA in H,O (A) and 0.1
% TFA in CH3CN (B); using 0-25 min gradient from 20% B to 100% B, and a
Phenomenex, Gemini-NX column (C18, 110 A, 4.6 x 250 mm) column and a
flow rate of 1 mL/min. Preparative Method D: - Using an Agilent 1200 series
system equipped with a photodiode-array detector, an autosampler, a preparative
fraction collector and a preparative reverse phase Phenomenex, Gemini-NX
column (C18, 110 A, 21.2 x 250 mm) and a flow rate of 20 mL/min. Mobile
phases composed of 0.1 % TFA in H,O (A) and 0.1 % TFA in CH3CN (B); using

gradient from 20% to 25% B: 0-30 min, then 25% t0100% B: 30-40 min.

4.5.2 X-ray Crystallography

A clear purple plate-like sample of 4a, approximate dimensions 0.029 mm x
0.099 mm x 0.297 mm, was used for the X-ray structure determination. The total
exposure time was 3.40 hours. The frames were integrated with the Bruker
SAINT software package, using a narrow-frame algorithm. Data were corrected
for absorption effects using the numerical method (SADABS). The structure was

solved and refined using the Bruker SHELXTL Software Package.
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45.3 Cells and Culture Methods

H520 (ATCC® HTB-182) cells derived from human squamous cell carcinoma
were cultured in RPMI-1640 media. A431 (ATCC® CRL-1555), human epithelial
carcinoma cells and MCF-7 (ATCC HTB-22) human adenocarcinoma cells were
cultured in DMEM media. All media were supplemented with 10% fetal bovine
serum and 1% penicillin streptomycin (Invitrogen, Burlington, ON). The cell lines

were maintained at 37 °C and 5% CO.,.

4.5.4 Synthesis of compounds

3-(5-lodopyridin-2-yl)-6-(pyridin-2-yl)-1,2-dihydro-1,2,4,5-tetrazine  (3). A
vial was charged with picolinonitrile 1 (0.21 g, 2.02 mmol), 2-cyano-5-
iodopyridine 2 (0.11 g, 0.48 mmol) and sulfur (0.03 g, 0.93 mmol) and purged
with argon. A solution of 64% hydrazine monohydrate (600 pL, 7.89 mmol) and
absolute ethanol (2 mL) were added to the vial which was then sealed and heated
at 125 °C for 2 hours behind a blast shield. The reaction mixture was cooled to
room temperature, the solvent evaporated and the mixture was suspended in water
(10 mL) and extracted with dichloromethane (2 x 10 mL). The organic phase was
dried over anhydrous magnesium sulfate, filtered and the desired product was
isolated by silica gel flash chromatography (using 20% EtOAc in hexanes as the
eluent) as an orange solid (0.064 g, 37%). Compound 3 showed: m.p 158-160 °C;
R 0.38 (20% EtOAc/hexanes); *H NMR (700 MHz, CDCl3) & 8.79 (d, J = 1.40
Hz, 1 H), 8.59 (s, 1H), 8.59-8.56 (m, 1H), 8.39 (s, 1H), 8.07 (dd, J = 1.68 Hz, 7.63

Hz, 1H), 8.04 (d, J = 7.98 Hz, 1H), 7.83 (dd, J = 0.49 Hz, 8.40 Hz, 1H), 7.76 (dl,
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J=1.68 Hz, 7.63 Hz, 1H,), 7.36 (ddd, J - 0.98 Hz, 4.90 Hz, 7.42 Hz, 1H,); *C
NMR (150 MHz, CDCls) 6 154.6, 148.5, 147.5, 146.7, 146.6, 146.3, 145.2, 136.9,
125.1, 122.9, 121.5, 95.0; HRMS (m/z-ESI") for C12H10INg" calculated: 365.0012,
found: 365.0009.

3-(5-lodopyridin-2-yl)-6-(pyridin-2-yl)-1,2,4,5-tetrazine (4a). Compound 3
(0.054 g, 0.15 mmol) was dissolved in glacial acetic acid (2 mL) and the solution
was cooled to 0 °C. A solution of sodium nitrite (0.068 g, 0.98 mmol) in water (2
mL) was added drop-wise resulting in a colour change from orange to purple. The
mixture was stirred for an additional 10 min at room temperature. The pH was
adjusted to 11 via the addition of aqueous saturated sodium bicarbonate (10 mL)
and the solution extracted with dichloromethane (2 x 15 mL). The organic layers
were combined and dried over anhydrous magnesium sulphate and the solvent
removed by rotary evaporation. The desired product was isolated by silica gel
chromatography (using 65% EtOAc in hexanes as the eluent) and concentrated to
afford a bright purple solid (0.049 g, 90%). Compound 4a showed: m.p. 223-225
°C; Ry = 0.52 (5% MeOH/DCM); *H NMR (700 MHz, CDCl3) § 9.19 (dd, J =
0.35 Hz, 1.89 Hz, 1H,), 9.01-8.97 (m, 1H,) 8.75 (d, J = 7.91 Hz, 1H,), 8.52 (dd, J
= 0.56 Hz, 8.26 Hz, 1H,), 8.35 (dd, J = 2.10 Hz, 8.26 Hz, 1H), 8.02 (dt, J= 1.68
Hz, 7.70 Hz, 1H ), 7.59 (ddd, J = 1.05 Hz, 4.69 Hz, 7.56 Hz, 1 H); *C NMR (150
MHz, CDCl3) & 164.0, 163.9, 157.3, 151.3, 150.1, 149.0, 146.1, 137.7, 126.8,
125.8, 124.8, 98.3; HRMS (m/z-ESI") for C1,HsINg" calculated: 362.9855, found:

362.9856.

114



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

3-(Pyridin-2-yl)-6-(5-(trimethylstannyl)pyridin-2-yl)-1,2-dihydro-1,2,4,5-

tetrazine (5). A solution of 1,1,1,2,2,2-hexamethyldistannane (0.085 g, 0.26
mmol) in dry THF (1 mL) was added to a microwave vial which was evacuated
and purged with argon. 1,3,5,7-Tetramethyl-2,4,8-trioxa-(2,4-dimethoxyphenyl)-
6-phosphaadamantane (PA-Ph, 4.4 mg, 0.015 mmol) and palladium acetate (1.60
mg, 7.13 pmol) were added to the reaction vessel which was sealed and stirred at
room temperature for 5 min. A solution of 3 (0.049 g 0.13 mmol) in THF (0.5
mL) was added under argon. The reaction vessel was heated in the microwave for
30 min at 70 °C. The vessel was cooled to room temperature and the solution
treated with saturated aqueous potassium fluoride (1 mL) to quench the reaction.
The mixture was extracted with dichloromethane (2 x 10 mL). The organic layers
were combine, dried over anhydrous magnesium sulfate, filtered and the solvent
removed by rotary evaporation. The desired product was obtained by silica gel
chromatography (using 90% ether in pentane as the eluent) and concentrated to
afford a yellow solid (0.039 g, 76%). Compound 5 showed: m.p. 73-75 °C; Rf =
0.50 (50% EtOAc/hexanes); *H NMR (700 MHz, CDCls) § 8.56-8.60 (m, 2H),
8.57 (s, 1H), 8.54 (s, 1H), 8.05 (d, J = 7.98 Hz, 1H), 7.97 (dd, J= 0.91 Hz, 7.70
Hz, 1H), 7.84 (dd, J = 1.47 Hz, J = 7.70 Hz, 1H), 7.75 (dt, J = 1.68 Hz, 7.70 Hz,
1H), 7.34 (ddd, J = 1.05 Hz, 4.90 Hz, 7.42, 1H), 0.36 (s, 9H); **C NMR (150
MHz, CDCls) & 154.4 (sat), 154.3, 154.1 (sat), 148.5, 147.7, 147.2, 147.1, 146.8,

144.3 (sat), 144.3, 144.2 (sat), 139.8, 136.9, 125.0, 121.4, 121.1 (sat), 121.0,
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120.9 (sat), - 8.3 (sat), -8.4 (sat), -9.3, -10.3 (sat), -10.5 (sat); HRMS (m/z-ESI")
for C15H19NgSN™ calculated: 403.0693, found: 403.0696.

Reaction of 4a and trans-cyclooctene. Tetrazine 4a (0.014 g, 0.04 mmol) was
dissolved in 5% ethanol in 0.05 M PBS buffer (2 mL, pH 7.4) and added to a vial
containing trans-cyclooctene (8.8 mg, 0.088 mmol) which brought about a colour
change (from purple to colourless). The solution was extracted with ethyl acetate
(2 x 5 mL) and the organic solvents combined and removed by rotary
evaporation. The desired products were obtained by silica gel chromatography
(using 10-15% pentane in EtOAc as the eluent) and concentrated to afford a
mixture of 6a-9a.

4-(5-lodopyridin-2-yl)-1-(pyridin-2-yl)-2,4a,5,6,7,8,9,10-
octahydrocycloocta[d]pyridazine (7a) showed: m.p 92-97 °C; Rs = 0.45 (20%
EtOAc/hexanes); *H NMR (700 MHz, CDCls) & 8.89 (s, 0.88H), 8.88 (d, J = 2.03
Hz, 0.12H), 8.80 (d, J = 1.47 Hz, 0.88 H), 8.73(s, 0.1H), 8.73 (s, 0.12H), 8.67-
8.62 (m, 0.88H), 8.58-8.55 (m, 0.12 H), 8.17 (dd, J = 2.10, 8.26, 0.12 H), 8.05
(dd, J = 2.10 Hz, J = 8.47 Hz, 0.88 H), 8.05-8.01 (m, 0.12 H), 7.87 (dd, J = 0.49
Hz, 8.47 Hz, 0.88 H), 7.84 (dt, J = 1.82 Hz, 7.70 Hz, 0.88 H), 7.73 (dt, J = 1.61
Hz, 7.74 Hz, 0.12 H), 7.59 (d, J= 8.75, 0.88 H), 7.41 (d, J = 8.40 Hz, 0.12 H),
7.34, (ddd, J = 0.91 Hz, 4.83 Hz, 7.49 Hz, 0.88 H), 7.27 (ddd J = 0.84 Hz, 7.70
Hz, 5.11 Hz,7.28 Hz, 0.12 H), 4.43- 4.38 (m, 0.12 H), 4.26-4.36 (m, 0.88 H), 2.84
(ddd, J = 2.59 Hz, 8.89 Hz, 15.26 Hz, 0.88 H), 2.79 (ddd, J = 2.73 Hz, 9.03 Hz,

15.26 Hz, 0.12 H), 2.10-2.02 (m, 1H), 2.00-1.97 (m, 1H), 1.93-1.87 (m, 1H),
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1.78-1.64 (m, 5H), 1.51-1.40 (m, 3H); *C NMR (150 MHz, CDCN) & 155.5,
154.6, 153.2, 150.5, 145.4, 142.6, 137.8, 134.9, 125.3, 124.0, 123.4, 112.5, 92.6,
35.5, 31.9, 29.8, 28.2, 27.7, 25.4, 23.3; HRMS (m/z-ESI") for CyoH22INs"
calculated: 445.0889, found: 445.0904.
1-(5-lodopyridin-2-yl)-4-(pyridin-2-yl)-2,4a,5,6,7,8,9,10-
octahydrocycloocta[d]pyridazine (8a) showed: m.p 92-97 °C; Ry = 0.45 (20%
EtOAc/hexanes);."H NMR (700 MHz, CDsCN) & 8.90 (s, 0.65H), 8.87 (d, J =
1.47 Hz, 0.35H), 8.79 (d, J = 1.47 Hz, 0.65 H), 8.74 (s, 0.35H), 8.67-8.60 (m, 0.65
H), 8.58-8.54 (m, 0.35 H), 8.16 (dd, J = 2.17 Hz, 8.33 Hz, 0.35H), 8.04 (dd, J =
2.17 Hz, 8.47 Hz, 0.65H), 8.03 (d, J = 7.91 Hz, 0.35 H), 7.86 (dd, J = 0.49 Hz,
8.54, 0.65 H), 7.84 (dt, J = 1.75 Hz, 0.65 H), 7.40 (dd, J = 0.28 Hz, 8.26 Hz, 0.35
H), 7.33 (ddd, J = 0.91 Hz, 4.83 Hz, 7.49 Hz, 0.65 H), 7.26 (ddd, J = 1.05 Hz,
4.90 Hz, 7.35 Hz, 0.35 H), 4.44-4.36 (m, 0.35 H), 4.34-4.27 (m, 0.65 H), 2.83
(ddd, J = 2.59 Hz, 8.89 Hz, 15.19 Hz, 0.65 H), 2.79 (ddd, J = 2.73 Hz, 8.96 Hz,
15.30 Hz, 0.35 H), 2.11-2.02 (m, 1H), 2.02-1.95 (m, 1H), 1.93-1.85 (m, 1H),
1.79-1.61 (m, 5H), 1.51-1.40 (m, 3H); *C NMR (150 MHz, CDCN) & 156.4,
155.5, 155.4, 154.6, 153.2, 152.2, 150.5, 149.6, 146.0, 145.4, 143.7, 142.6, 137.8,
137.2, 134.9, 134.3, 126.9, 125.3, 124.0, 123.8, 123.4, 121.6, 113.5, 112.5, 92.6,
35.9, 355, 31.6, 31.9, 29.8, 29.7, 28.2, 28.2, 27.7, 25.3, 25.3, 23.4, 23.2; HRMS
(m/z-ESI™) for CxoH2IN," calculated: 445.0889, found: 445.0904.
1-(5-lodopyridin-2-yl)-4-(pyridin-2-yl)-5,6,7,8,9,10

hexahydrocycloocta[d]pyridazine (9a) showed: m.p 105-110 °C; Rf = 0.68
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(EtOAC); *H NMR (700 MHz, CDsCN) & 8.96 (d, J = 2.12 Hz, 1H), 8.74-8.68 (m,
1H) 8.31 (dd, J = 2.17 Hz, 8.26 Hz, 1H), 7.95 (dt, J = 1.82 Hz, 7.77 Hz, 1H), 7.79
(d, J = 7.77 Hz, 1H), 7.67 (d, J = 8.19 Hz, 1H), 7.47 (ddd, J = 1.05 Hz, 4.83 Hz,
7.77 Hz, 1H), 3.01-2.94 (m, 4 H), 1.77-1.68 (m, 4H), 1.45-1.38 (m, 4H); *C
NMR (150 MHz, CDsCN) & 160.4, 159.3, 158.0, 157.0, 155.6, 149.7, 146.4,
141.9, 141.9, 137.9, 127.6, 125.7, 124.5, 94.2, 31.2, 31.1, 27.3, 27.2, 26.8, 26.7;

HRMS (m/z-ESI™) for CxoH19IN4" calculated: 443.0733, found: 443.0745

455 Radiolabelling procedure for 5

A 5 mg/mL solution (5 pL) containing iodogen in 5% acetic acid/acetonitrile was
added to a vial containing 5 (10 puL from a 10 mg/mL solution, in acetonitrile).
The mixture was combined with aqueous [***1]Na (7 pL, 12.6 MBq) that was
obtained from a 0.1M NaOH solution. The mixture was agitated for several
seconds by hand and allowed to stand for 5 min. To this was added an additional
aliquot (28 pL) of the iodogen solution and left to stand for a further 15 min. The
reaction mixture was guenched with aqueous sodium metabisulfite (100 uL, 0.1
M) and extracted with dichloromethane (100 pL). The organic solvent was
separated and evaporated by purging the vessel with nitrogen. The resulting
residue was dissolved in ethanol or acetonitrile for analysis and purification by
HPLC. The desired product was isolated in 80% RCY (10 MBq).

Log P. A 100 pL of solution of 4b (0.33 MBq) in 20 mM phosphate buffer (pH
7.4) was added to a mixture of n-octanol and phosphate buffer (100 uL of each).

The mixture was vortexed for 30 min and centrifuged at 6000 rpm for 10 min.
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The organic and aqueous phases were separated and 20 pL of each phase were
pipetted into 12 x 75 mm RIA tubes. The counts per minute were determined
using a Wallac Wizard 1470 automatic y counter. The experiment was performed

in triplicate giving an average log P of 1.29 £ 0.05

45.6 Reaction between 4b and TCO
3.7 MBq of 4b was dissolved in a mixture of 95% ethanol (5 pL) and PBS buffer

(85 pL, pH 7.4) in a micro-centrifuge tube. A freshly prepared solution of trans-
cyclooctene (10 pL) in ethanol (2 pM) was added to the vial and the mixture
agitated by hand for several seconds. The mixture was immediately analyzed by
HPLC initially giving rise to three distinct peaks. After approximately 20 min
HPLC analysis showed two major peaks corresponding to a mixture of isomers 7b

and 8b and a peak associated with 9b.

4.5.7 Kinetic study

The reaction between trans-cyclooct-4-enol (TCO-OH) and 4a was conducted at
25+ 0.5 °Cina1-mL UV cuvette, and monitored by UV-Vis spectroscopy at 535
nm. The substrates were dissolved separately in MeOH, mixed together, and
spectra acquired every 0.1 seconds over one minute. The kinetics were measured
in triplicate for three different concentrations of TCO-OH (8.7 x 10, 11.9 x 103,
14.5 x 107 M) against 8.0 x 10 M 4a. The Kgs, for each run was determined
from a plot of absorbance versus time (Graphpad Prism 5). The average Kops

obtained from experiments was determined in triplicate and plotted against the
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concentration of TCO-OH to determine the second order rate constant (k, = 229 +

20 Ms™).

45.8 Preparation of TCO-modified anti-VEGFR2 antibody
Anti-VEGFR2 antibody (eBioscience, 14-5821) (1 mL, 500 pg, 3.34 nmol) was

added to 6 uL of (E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl carbonate
(TCO(CO)-NHS), (17.8 ug, 66.6 nmol) in DMSO (18 pL). The pH of the solution
was adjusted to 9-9.5 by adding Na,CO3 (10 uL, 1M). The solution was left on a
shaker overnight at 4 °C. The desired product was isolated using an Amicon
Ultra-0.5 Centrifugal filter (30 kDa) and washed with PBS three times. The
molecular weight of the sample before and after the conjugation was determined
by MALDI-TOF MS (MALDI Bruker UltrafleXtreme Spectrometer) indicating

an average of 2.8 TCO groups per antibody molecule.

45.9 Antibody Labelling
TCO-anti-VEGFR2 (20pL, 10ug) was incubated with 4b (10 pL, 1.48 MBq) for

20 min in the dark to generate '®I-labelled anti-VEGFR2 antibody: iTLC
(VARIAN, SGI0001) was run in a mixture of 75:25 (MeOH:HCI (0.1M)) and
scanned on a BIOSCAN AR-2000. A solution containing 4b (10 pL, 1.48 MBq)

in PBS (20 pL) was used as a reference.

4.5.10 Western Blot analysis
20 pg of protein from H520 and A431 cell lysates were loaded on 10% Mini-

PROTEAN TGX Precast gels along with molecular weight markers. The protein
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extracts fractionated by SDS-PAGE and electro-transferred to polyvinylidene
difluoride (PVDF) membranes. As a positive control, select samples were treated
with rabbit anti-VEGFR2 primary antibody (Millipore 07-158) in a 1:250 dilution,
overnight at 4 °C. After washing the membrane was incubated with goat anti-
rabbit secondary antibody (Jackson ImmunoResearch, 111-055- 045) and then a
chemiluminescent reagent (ECF substrate, GE RPN5785) was applied for 5 min,
and an image collected using a STORM 840 imaging system. The test membrane
samples were incubated with the 'I-labelled anti-VEGFR2 construct (0.11
MBg/mL) and negative control membranes were incubated with *I-labelled
tetrazine 4b, overnight at 4 °C. After washing, the membrane was left to dry

before radioactive imaging (Typhoon imaging system).

4.5.11 Flow Chamber Cell Adhesion Assay

8x10° of VEGFR2-expressing cells (H520) were plated on 30 mm Corning tissue
culture dishes, 2 days prior to assay. They were pre-incubated with TCO-anti-
VEGFR2 (30 pg) diluted in PBS (1 mL) for 30 min prior to assay. The parallel-
plate flow chamber (Glycotech, Rockville, Md.) was mounted in the culture dish
and then inverted to decrease any non-specific binding. Using a syringe pump
(PhD 2000, Harvard Apparatus, Holliston, USA) cells were first rinsed with PBS
(2 mL), followed by 4b solution (0.07 MBg/mL) at a flow rate of 0.164 mL/min,
which mimics flow conditions in tumor capillaries,® and finally washed with PBS
(2 mL). Cells were subsequently lysed in 1% Triton-X100 (1 mL) at 37 °C for 30

min. A sample of each cell lysate was taken to measure the amount of activity
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using a dose calibrator. Protein levels in cell lysates were determined using a

Pierce BCA Protein assay kit (Thermo Scientific, 23225).

4.5.12 Synthesis of Insulin derivatives

Synthesis of N “*!N ¢B?_di-N-trifluoroacetyl-N ® ®*-TCO-insulin carbamate
(11). The protected insulin derivative 10 (100 mg, 17 pmol)** was dissolved in
anhydrous DMF (2.0 mL). N,N-Diisopropylethylamine (20 puL) and TCO(CO)-
NHS (10 mg, 37 umol) were added to the solution and the reaction mixture was
shaken gently and monitored by HPLC. After 3 h the reaction mixture was diluted
with H,O (15 mL) and purified by HPLC (method D). Lyophilization of the
combined fraction gave 11 (49 mg) in 47% vyield, 98% purity, and ESI-MS:
6153.0 (calculated: 6151.8). HPLC R; (Method C) = 13.1 min.

Synthesis of N“*’-TCO-insulin carbamate (12). Compound 11 (49 mg, 8 umol)
was dissolved in an ice-cooled solution of 25 mM NaOH (10 mL, ACN/H,0 =
1:3). After 5 h the reaction mixture was diluted with H,O (20 mL) and purified by
HPLC (method D). Lyophilization of the combined fraction afforded the desired
product (25 mg, 53% yield) in 98% purity. HRMS (m/z-ESI") C266H395Ng5079S6"
calculated: 5959.729, found 5959.724. HPLC R; = 7.2 min (Method C).

Insulin Labelling. A solution of 12 (100 pL, 59 pg) in 6 mM HCIl was combined
with (0.59 MBq, 10 pL) of 4b in 10% ethanol in PBS. The mixture was incubated

at room temperature and monitored by HPLC (Method C).
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4.5.13 Insulin Receptor Binding Assay

Competitive binding assays were conducted in triplicate for 12, using recombinant
human insulin (12643, Sigma-Aldrich, Canada), as a positive control. MCF-7 cells
were plated at a density of 1.0 x 10° or 1.5 x 10° cells per well in a 48 well plate 2
or 3 days (respectively) prior to the assay. At 20 to 24 h prior to start of assay, the
wells were rinsed twice with warm PBS and replaced with fresh DMEM
containing 10%, charcoal stripped fetal bovine serum (VWR, Mississauga, ON).
Wells were rinsed once with warm PBS and the cells were then incubated for 4
hours at 4 °C with 150 pL of 1 nM *®I-insulin (human recombinant (NEX420,
PerkinElmer, Woodbridge ON) in the presence of 0 to 1000 nM cold competitor
per well with each concentration tested in triplicate. To remove unbound ligand,
wells were rinsed 3 times with ice-cold PBS and cells were solubilized with 600
pL of IN NaOH at 37 °C for 30 min. A 500 pL sample from each well was
collected in individual 12x55 mm Ria plastic test tubes (PerkinElmer,
Woodbridge ON) and counted for 10 min each, using a Wizard 1470 Automatic
Gamma Counter. The resulting CPM values were used to calculate the relative
binding for each competition concentration, with respect to CPM obtained in the
control run with no competitor. GraphPad Prism 5 software was used to analyse

the data and determine the average I1Cs values.

4.5.14 Biodistribution Studies
Biodistribution of *°I-labelled anti-VEGFR2 antibody was performed using 4-5

week old female C57BI/6 mice ordered from Charles River Laboratories
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(Kingston, NY), (n = 3 per time point at t = 24 h, 48 h and 72 h). The mice were
administered approximately 0.17 MBq of *?I-labelled anti-VEGFR2 (100 puL in
10% EtOH/PBS) via tail vein injection. Animals were anesthetized with 3%
isoflurane and euthanized by cervical dislocation. Blood, adipose, adrenals, bone
(femur), brain, eyes, gall bladder, heart, kidneys, large intestine and caecum (with
contents), liver, lungs, pancreas, skeletal muscle, small intestine (with contents),
spleen, stomach (with contents), thyroid/trachea, urinary bladder with urine and
tail were collected, weighed and counted in a Perkin Elmer Wizard 1470
Automatic Gamma Counter. Decay correction was used to normalize organ
activity measurements to time of dose preparation for data calculations. Data was

expressed as percent injected dose per gram (%ID/qg) of tissue or organ.

4.6  Supporting Information

This material can be found in APPENDIX 2.
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Non-standard Abbreviations:

BCS: bioorthogonal coupling strategies; TCO: trans-cyclooctene; TCO-OH:

trans-cyclooct-4-enol; ID: injected dose; PA-Ph: 1,3,5,7-tetramethyl-2,4,8-trioxa-

6-phenyl-6-phospha-adamantane.
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Chapter 5 - A Second Fluorous Analogue of
Chloramine-T: A Metal-Free and Recyclable Reagent for

Recovering Sulfur from H,S

5.1 Abstract

A new fluorous derivative of chloramine-T that is more soluble in
perfluorinated solvents than our first generation agent FCAT (Chapter 3) has been
prepared in 46% overall yield and fully characterized. This oxidant was employed
successfully for a metal-free oxidation of bisulfide (HS) to elemental sulfur, and
the sulfur recovered by centrifugation. The oxidant was easily regenerated with
aqueous NaOCI in less than 15 min. The regenerated oxidant was reused and
subsequently regenerated, where at least 95% of the oxidant was recovered after
12 cycles. The work reported demonstrates that the fluorous oxidants have utility

beyond the field of radiochemistry.

5.2 Introduction

Hydrogen sulfide (H,S) is a major contaminant of natural gas and oil
deposits.>? Methods for removing the highly toxic material include the Claus
process, direct oxidation, and liquid-redox processes.>® The latter are based on
catalytic reactions which utilize transition metals. The Stretford process, for
example, employs vanadium (V) to oxidize H,S to sulfur where the resulting V**

species is reoxidized using oxygen in the presence of anthraquinone-disulfonic
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acid (ADA). The LO-CAT® technology, which remains in widespread use,
utilizes chelated iron to promote the formation of sulfur where oxygen is also used
to reoxidize the catalyst.>®

There are a number of issues with using transition metal catalysts notably
they are costly, have finite stability and they can contaminate product and waste
streams. The latter increases the costs of disposal and requires the catalyst to be
continually replaced. An additional concern is that the catalyst can contaminate
the product sulfur reducing its quality.® While significant effort has been made to
find the ideal metal catalyst for liquid desulfurization systems, attempts to
develop transition metal-free liquid-redox systems for processing hydrogen
sulfide have been limited.

Bendal et al. reported nearly 70 years ago that chloramine-T at alkaline pH
efficiently converts H,S to elemental sulfur.” Unfortunately, chloramine-T would
be unsuitable for industrial processes since regenerating the oxidant would require
treating solutions rich in sulfide with a chlorinating agent such as bleach, which
would promote the formation of sulfate and thiosulfate. An alternative approach
could be through the use of fluorous biphasic catalysis (FBC).*° FBC takes
advantage of the fact that fluorine rich compounds dissolve selectively in
perfluorinated solvents, which are not miscible with water and most organic
solvents. This feature makes it possible to separate a fluorous catalyst or reagent

from non-fluorous reagents and products. As an example, FBC has been used to
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promote trans-esterification through the use of fluoroalkyldistannoxane catalysts
giving rise to nearly quantitative yields of product.®

We envisioned a biphasic system in which buffers used in conventional
liquid-redox processes would be combined with perfluorinated solvents
containing a fluorous analogue of chloramine-T (Figure 5-1). Upon formation of
sulfur and the reduction of the oxidant, the fluorous layer would be collected,
treated with inexpensive and readily available chlorinating agent such as bleach to
regenerate the oxidant which would then be recombined with the sulfide-
containing buffer. Herein we report the preparation and characterization of a new
fluorous oxidant and an assessment of its potential utility in a fluorous biphasic
metal-free liquid-redox desulfurization process.

Cl
]
Q\S,N\/\/CFZ(CFZ)GCFg

JOR:

Figure 5-1. Fluorous chloramine-T, N-chloro-N-
(4,4,55,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-4-
methylbenzenesulfonamide (F-CAT).

5.3 Results and Discussion

In chapter 3 we reported the preparation of a fluorous analogue of
chloramine-T (F-CAT, Figure 5-1) as an oxidant for radioiodination reactions.*!
Initial test reaction between F-CAT (0.75 mmol) and Na,CO3/NaHCO3; buffer
solution (pH = 9.5) containing sodium sulfide (0.71 mmol), resulted in immediate

formation of a light yellow solid. The material that was thought to be sulfur was
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collected by centrifugation. Analysis by Raman spectroscopy (Figure 5-2) showed
the presence of peaks consistent with an authentic sample of elemental sulfur
including 150 and 215 cm™ which are the bending and stretching modes of the 8-
membered ring, and a third strong peak at 470 cm™ corresponding to the vibration
of the S-S bond.*? However the material was also contaminated with the reduced

form of F-CAT.
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Figure 5-2. Raman spectrum of: (top) authentic elemental sulfur sample; (bottom)
product produced from the F-CAT process. Peaks at 150, 215, and 470 cm™
correspond to elemental sulfur vibrational modes. Peaks at 806, 838, 1148 and
1154 cm™ correspond to F-CAT and its reduced form.

The presence of the reduced form of F-CAT was unexpected given the
presence of FC-72. The solubility of F-CAT and the reduced form were tested

where the maximum values in FC-72 were 0.6 mg/mL, and 0.1 mg/mL

132



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

respectively. The lower solubility of the reduced form was problematic in that it
limited the maximum amount of oxidant that can be used for a given volume of
solvent. The ability of compounds to dissolve in perfluorinated solvents is largely
dictated by their fluorine content.”**> Consequently to address the issue, a more
soluble second generation F-CAT, (referred to as F-CAT2), was developed.

To create a more fluorophilic reagent, a chloramine-T analogue with an
additional fluorous chain attached to the aryl ring was prepared.
Heptadecafluorooctylbenzene 3 was synthesized from commercially available
iodobenzene 1 and perfluorooctyl iodide 2 in the presence of copper powder
(Scheme 5-1).* The desired product 3 was isolated in 91% vyield by silica gel
chromatography. The *H NMR of the product showed two sets of multiplets; one
at 7.58 ppm and the other at 7.50 ppm, which are consistent with the structure. **C
NMR analysis revealed a triplet due to C-F coupling at 129.2 ppm, which was
shown to be the ipso carbon atom of the aryl ring (3Jcr = 48 Hz). The ortho
carbon atoms showed a similar splitting pattern, but with a smaller coupling
constant (3Jce = 12 Hz). The identity of compound 3 was further confirmed by
HRMS (EI") with an observed m/z value of 496.0113 (calculated value =

496.0120).
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Scheme 5-1. Scheme for preparation of 7.

H
\\ .Cl O\\S,fl\l\/\/CsFﬂ
i\
© CgFy7l, 2 © CISOH ©/ H2N/\/\C8F175 ©/ ©
| Cu/DMSO CoF1r CHCIS CeF1r EtOH CeF 17
1 3 4 6

cl
O | 1
AN~ Cefrr QN CeFr

) W\
©/ o) 6% NaOCl ©/ o
[ o -
GHCl;

CgF47 CsF17

Preparation of the sulfonyl chloride 4 was accomplished by treating 3
dissolved in CHCI3 with chlorosulfonic acid at 0 °C. After the initial evolution of
gas ceased the reaction was warmed to RT and stirring continued overnight. The
desired product was isolated by silica gel chromatography as a white crystalline
solid in good yield (79%). *H NMR analysis showed that the substitution occurred
exclusively at the meta position. Synthesis of the fluorous sulfonamide was
accomplished by adding an excess of the fluorous amine 5 to a solution of 4 in
EtOH.* After 30 min the desired sulfonamide, 6 was isolated by silica gel
chromatography as a crystalline white compound in 59% yield. The *H NMR data
was consistent with the desired product, where the chemical shift of the
sulfonamide proton appears at 6.97 ppm as a triplet. In the IR spectrum, the N-H
vibrational stretch occurred at 3276 cm™ which is within the range of the N-H
stretches observed for similarly reported N-alkyl sulfonamides.***"*®* HRMS

(ESI") of 6 showed an m/z value of 1053.0317 where the calculated value was
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1053.0311, further confirming the identity of the sulfonamide.

N-chlorination was performed following the method we used previously to
generate F-CAT." Compound 6 dissolved in chloroform was treated with an
aqueous solution of 6% (w/v) NaOCI to yield the desired N-chlorosulfonamide 7
in quantitative yield. The signal corresponding to the sulfonamide proton in 6
(6.97 ppm) was absent in the product and there was a downfield shift of the
adjacent methylene group signal upon conversion to 7. In the **C NMR spectrum,
the methylene carbon adjacent to the sufonamide similarly shifted downfield and
the IR spectrum of 7 showed no peaks corresponding to the previously observed
N-H stretch.

The solubility of 7 (oxidant) and 6 (reduced form) in FC-72 were
evaluated and found to be 5 mg/mL and 1.2 mg/mL respectively. Though not
ideal it was a marked improvement over FCAT consequently an evaluation of the
ability of 7 to produce sulfur was assessed. Compound 7 was dissolved in FC-72
(0.200 g, 20 mL) and added to an excess (11 equivalences) of sodium bisulfide in
Na,CO3/NaHCOj3 buffer (pH = 9.5) and the mixture stirred vigorously. After 5
min, an interfacial solid formed while the aqueous layer turned yellow in colour.
The fluorous layer was subsequently separated and added to an aqueous NaOCI
(6% wi/v) and reoxidation of the sulfonamide 6 to 7 was monitored by TLC. The
process was completed in less than 15 min. The formation of the recycled oxidant
was confirmed by *H NMR and IR. The FC-72 layer was subsequently returned to

the bicarbonate/carbonate buffer and the cycle repeated. Ultimately the yellowish
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sulfide solution decolourized completely after 12 cycles which is evidence of
consumption of all residual sulfide.

The amount of fluorous sulfonamide recovered after the last cycle was
95% with the loss due to the small amount of reagent used. *H NMR analysis of 7
after the 11 cycles showed no signs of oxidant degradation. One advantage of
using fluorine substituted compounds is that they are known to be resistant to
oxidation, and bacterial and radical degradation compared to hydrocarbon based
analogues.’®? The amount of sulfur recovered from this process was 58 mg
which was 89% of the expected amount of sulfur; with some of the sulfur lost in
the various transfers between the reaction vessels. Raman spectroscopy of the
product showed pure material which was confirmed by energy dispersive
spectroscopy (EDS). EDS showed a dominant sulfur peak with additional solvent
impurities non-of which were associated with the oxidant as there was no
evidence of fluorine present.

To test the feasibility of establishing a continuous oxidation-FCAT-2-
regeneration system, different reaction setups were evaluated. One simple
approach that has been used with fluorous biphasic catalysis is to use a U-tube
reaction vessel in which reagents dissolved in organic or aqueous solutions are
separated by an FC-72 solution containing a fluorous reagent. To this end an
analogous system was evaluated for sulfide processing where in one arm of a U-
tube reactor, NaHS was dissolved in the NaHCO3/Na,COj3 buffer and combined

with the oxidant 7 dissolved in FC-72 (Figure 5-3). On the opposite side of the
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vessel, aqueous NaOCI was added to provide a reagent to regenerate the oxidant
once the reduced product is formed. A magnetic stirring bar was placed in the FC-

72 layer to facilitate mixing at the interfaces.

Vent into
NaOH =< —

NaHCO; /
Na,CO5
buffer
containing
NaHS

NaOCl (6%)

u F-CAT2in FC-72
Stir bar

Figure 5-3. A system for continuous reduction of sulfide. The “left arm”, which
contains NaHS in aqueous buffer, is separated from the “right arm” of NaOCly,)
to regenerate the oxidant, by an FC-72 solution containing the fluorous oxidant.

Upon mixing, there was immediate evidence of the formation of an
interfacial solid between the bicarbonate-carbonate solution and the FC-72 phase.
The mixture was allowed to stir over the course of a week during which time the
colour of the NaHS layer remained light yellow. The solid which had formed was
collected (8 mg) and was identified as sulfur which was 53% of theoretical value.
The amount of sulfur present represents more than one cycle which would have
produced 1.5 mg of product. This suggests that a minimum number of 5 cycles
had occurred during the week. The buffer was analyzed by UV-Vis spectrometry
where there was an intense absorbance at 360 nm which indicated the presence of

unreacted reduced sulfur in the form of polysulfide.?*?* Polysulfides are produced
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by partial oxidation of bisulfide?® consequently their presence along with the low
sulfur yield suggested that there was inefficient mixing of the reagents or
ineffective recycling of the sulfonamide. *"H NMR analysis of the FC-72 layer
revealed that it was composed of 13% of 7 and 87% of the sulfonamide 6. When
this solution was treated with bleach and the mixture stirred vigorously the
residual amount of 6 readily converted to 7 in quantitative yield. These results,
along with the highly efficient conversion observed from the manual batch
process suggests that if a more efficient system for mixing the FC-72 solution
with bleach can be designed, a continuous process approach is feasible. >’

The fluorous system reported here can efficiently convert hydrogen sulfide
to sulfur and the oxidant regenerated with bleach. Interestingly the overall
reaction produces HCI as the byproduct (Figure 5-4) which can be used to
generate bleach through treatment with ozone.?® In the Stretford process the
byproduct of oxidation is water which must ultimately be disposed of and has no

intrinsic value making the system one that can be regarded as being an atom

inefficient process.
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Figure 5-4. Potential mechanistic scheme for oxidation of HS to S° by 7 and
subsequent regeneration of the fluorous oxidant from 6. The HCI formed can be
oxidized? to hypochlorite ions by ozone (Os). Rf = CgF17and Rf’ =
CH,CH,CgF17.

The potential limitation of the current system is the need to use fluorous
solvents which are costly and potentially have environmental concerns. However,
if the lifetime of the catalyst in FC-72 is long and its presence in the product
sulfur stream minimized, the need to replenish the solvent can be minimized and
additional cost savings found. It should also be noted that due to the increasing
use and sources of fluorous solvents costs are decreasing.?® The current focus is to
construct a continuous operating system to assess the ability of the approach to

generate larger quantities of sulfur and to evaluate the extent of formation of

oxidized sulfur specifies over time.
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5.4 Conclusion

A new fluorous oxidant was prepared and characterized and its use as an
oxidant to convert bisulfide to sulfur assessed. In a batch biphasic process F-
CAT2 was able to effectively convert all of the bisulfide present to sulfur and the
catalyst was readily recovered and recycled through treatment with bleach. A
“triphasic” system was explored which showed that it was possible to generate a

continuous system though additional optimization is needed.

5.5 Experimental
5.5.1 Reagents and general procedures

Unless otherwise stated, all chemical reagents were purchased and used as
received from Sigma-Aldrich, without further purification. FC-72 was purchased
from 3M, while SiliaFlash® P60 Silica gel from SiliCycle was used for silica gel
chromatography. Thin-layer chromatography plates (Merck F254 silica gel on

aluminum) were visualized using ultraviolet (UV) light.

5.5.2 Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker DRX-
600 spectrometer with chemical shifts reported as & values in parts per million
(ppm) relative to the residual proton signal of the deuterated solvent or the carbon
signal of the solvent. *C NMR chemical shifts of perfluorinated carbon chains
[(CF2),] were not reported due to the Jcr of up to four bonds distances resulting in
the signals appearing as a series of multiplets. Infrared (IR) spectra were acquired

using a Nicolet 6700 FT-IR spectrometer. Low-resolution mass spectra were
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obtained on an Agilent 630 ion trap electron spray ionization (ESI) instrument,
using a Waters 1200 series LC system. High-resolution mass spectra (HRMS)
were obtained using a Waters Micromass Global Ultima Q-TOF in ESI mode.
Melting points were determined using a DigiMelt apparatus (Sanford Research
Systems, USA). Raman spectroscopy was performed with a Renishaw Invia
mapping Dispersive Raman system furnished with an argon ion laser (514 nm,
green) and solid state laser (785 nm, red) and equipped with a Leica microscope,
with 5, 20 and 50x objectives. Ultraviolet absorption spectra were recorded on a
Varian Cary 50 UV-Visible spectrophotometer. Energy dispersive spectroscopy
(EDS) was performed using a JEOL 700F Scanning Electron Microscope
equipped with an OXFORD Instruments Aztec Energy Dispersive Spectroscope at
the Canadian Centre for Electron Microscopy, McMaster University (Hamilton,

ON).

5.5.3 Synthesis of primary compounds 3, 4, 6 and 7

Heptadecafluorooctylbenzene (3) lodobenzene 1 (0.535 g, 2.62 mmol) was
weighed into a flame dried round bottom flask equipped with a magnetic stir bar.
Heptadecafluoro-1-iodooctane 2 (1.572 g, 2.88 mmol) was added followed by
copper powder (0.399 g, 6.28 mmol) and the flask purged with argon for 5 min.
Dry DMSO (3 mL) was added under argon and the reaction mixture heated to
reflux overnight with stirring. On completion of the reaction, which was
determined by TLC (n-hexane:EtOAc, 10:1 v/v), H,0 (20 mL) was added and the

solution transferred to a separatory funnel. The solution was extracted with DCM
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(3x15 mL) and the combined organic layers passed through a small plug of silica
in a pasteur pipette to remove residual copper. The filtrate was then extracted with
FC-72, and the FC-72 layer subsequently concentrated under reduced pressure.
The product was isolated by silica gel column chromatography using a gradient of
0-5% n-hexane:EtOAc. The fractions containing the product were combined and
the solvent was removed to afford 3 as a colourless oil. Yield (1.183 g, 91%); *H
NMR (600 MHz, CDCl3) & 7.60-7.57 (m, 3H), 7.52-7.49 (m, 2H); **C NMR (150
MHz, CDCls) §132.1, 129.2 (t, 2Jce = 48 Hz), 128.8, 127.0 (t, *Jcr = 12 H2);

HRMS (ESI") m/z calcd. for C14HsF17 [M]" 496.0120; found 496.0113.

3-Heptadecafluorooctylbenzenesulfonyl chloride (4)
Heptadecafluorooctylbenzene 3 (1.100 g, 2.22 mmol) was weighed into a flame
dried round bottom flask equipped with a magnetic stir bar. CHCI3 (3 mL) was
added and the solution cooled to 0 °C in an ice-bath. Chlorosulfonic acid (2 mL)
was added dropwise with stirring at 0 °C. After 30 min, the reaction was warmed
to RT and allowed to stir overnight. On completion of the reaction which was
determined by TLC (n-hexane:EtOAc, 10:1 v/v), the solution was diluted with
CHCI;3 (10 mL) and added dropwise in to ice water in a separatory funnel. CHCl3
(10 mL) was added, the organic layer collected and combined with two additional
CHClIj; extractions (2x15 mL). The combined organic layers were washed with
brine, dried with MgSO, and concentrated under reduced pressure. The product
was isolated by silica gel column chromatography using a gradient of 5-20% n-

hexane:EtOAc. The fractions containing the product were combined and the
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solvent was removed to afford 4 as a pale yellow crystalline solid. Yield (1.043 g,
79%): mp (61-63 °C); FTIR (KBr) 3085, 1381, 1147, cm™; *H NMR (600 MHz,
CDCls) 6 8.29-8.27 (m, 2H), 7.98 (d, J = 7.9 Hz, 1H), 7.84 (t, J = 7.9 Hz, 1H); *C
NMR (150 MHz, CDCls) & 145.3, 133.5, 131.3 (t, “Jcr = 50 Hz), 130.7, 130.6,
125.8; HRMS (ESI") m/z calcd for C14H4CIF170,S [M]* 593.9349, found:

593.9375.

N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-3-
(heptadecafluorooctyl)benzenesulfonamide (6)
3-Heptadecafluorooctylbenzenesulfonyl chloride 4 (0.500 g, 0.84 mmol) was
weighed into a 20 mL round bottom flask equipped with a magnetic stir bar.
Ethanol (4 mL) was added and the suspension stirred until 4 was completely
dissolved. A solution of 4455,6,6,7,78,89910,10,11,11,11-
heptadecafluoroundecan-1-amine 5 (0.802 g, 1.68 mmol) in EtOH (1 mL) was
added with stirring, followed by addition of TEA (0.5 mL). The initial colorless
reaction mixture turned milky after a few minutes. Stirring was continued until the
reaction was complete as determined by TLC (n-hexane:EtOAc, 3:1 v/v). The
mixture was subsequently concentrated under reduced pressure and the desired
product isolated by silica gel column chromatography using a gradient of 10-30%
n-hexane:EtOAc. The fractions containing the product were combined and the
solvent was removed to afford 6 as a white crystalline solid. Yield (0.565 g, 65%);
mp 106-108 °C; FTIR (KBr) 3276, 1435, 1366, 1159 cm™; 'H NMR (600 MHz,

Acetone-dg)  8.23 (d, J = 7.9 Hz, 1H), 8.14 (s, 1H), 8.02 (d, J = 7.9 Hz, 1H), 7.94
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(t, J = 7.9 Hz, 1H), 6.97 (t, J = 6.0 Hz, 1H), 3.18 (q, J = 7.2 Hz, 2H), 2.32-2.22
(m, 2H), 1.82-1.77 (m, 2H); **C NMR (150 MHz, Acetone-ds) & 143.5, 131.9,
131.6, 131.5, 130.2 (t, 2Jcr = 49 Hz), 125.9, 42.9, 28.6 (t, 2Jcr = 44 Hz), 21.5;
HRMS (ESI") m/z caled for CasHisN2O,SFas [M+NH,]" 1053.0311, found:

1053.0317.

N-Chloro-N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-3-
heptadecafluorooctylbenzenesulfonamide (7) The sulfonamide 6 (0.500 g, 0.48
mmol) was dissolved in CHCI3 (10 mL) in a 50 mL round bottom flask equipped
with a stir bar. Aqueous NaOCI (6% wi/v, 10 mL) was added and the biphasic
reaction mixture stirred vigorously at room temperature. Stirring was continued
until the reaction was complete (monitored by TLC using 3:1 v/v hexane:EtOAC).
The reaction mixture was transferred into a separatory funnel and the CHCI; layer
separated and the aqueous layer extracted with CHCI3 (3 x 5 mL). The combined
organic layers were dried over anhydrous Na,SO, and concentrated by rotary
evaporation to afford a white solid. Yield (0.530 g, 98%); mp 87-89 °C; FTIR
(KBr) 2923, 1595, 1364, 1148 cm™; *H NMR (600 MHz, CDCl;) & 8.18 (d, J =
7.9 Hz, 1H), 8.16 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.81 (t, J = 7.9 Hz, 1H), 3.38
(t, J = 6.3 Hz, 2H), 2.26-2.17 (m, 2H), 2.05-2.01 (m, 2H); *C NMR (150 MHz,
CDCIs) 6 134.2, 133.0, 132.8, 130.8 (t, 2Jer = 50), 130.1, 128.1, 55.6, 27.8 (t, *Jcr
= 44), 185; HRMS (ESI") m/z caled for CasH14NoO3SF34Cl [M+NH4]*

1086.9922, found: 1086.9946.
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5.5.4 Oxidation of NaSH to Sulfur by F-CAT2
Sodium bisulfide (0.155 g, 2.09 mmol) was dissolved in a Na,CO3/NaHCO3

buffer (20 mL, pH = 9.5) and added to F-CAT2 7 (0.200 g, 0.19 mmol) dissolved
in FC-72 (20 mL) in a Radleys Carousel reaction tube equipped with a stir bar.
The biphasic reaction mixture was stirred vigorously to ensure optimum mixing of
both phases. Stirring was stopped after 5 min, whereupon an interfacial solid was
observed along with a yellow coloured aqueous layer. The fluorous layer was
separated and added to an aqueous NaOCI (6%) solution (10 mL) in a separate
reaction tube. After 15 min, the FC-72 layer was recombined with the
bicarbonate/carbonate buffer and the cycle repeated. The process was repeated 12
times at which time the aqueous solution became colourless. The recovered sulfur
was transferred to a centrifuge tube and water (10 mL) added and centrifuged at
3,000 rpm for 5 min. The water was decanted and the washing repeated twice.

The recovered sulfur was dried and weighed. Yield (58 mg, 89%)

5.5.,5 U-Tube Reaction
F-CAT2 7 (0.050 g, 46 umol) was dissolved in FC-72 (10 mL) and added to

a U-tube equipped with a stir bar. Sodium bisulfide (0.034 g, 460 umol) was
dissolved in a Na,CO3/NaHCO;3 buffer (10 mL, pH = 9.5) and added to one arm
of the tube while NaOCI (6%) solution (10 mL) was added to the other arm and
both arms were closed with Teflon septum and vented into NaOH. The FC-72
layer was gently agitated over the period of the experiment. After a period of one

week, all three phases were separated and the interfacial solid at the
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buffer/fluorous layer isolated by centrifugation and the fluorous layer analyzed by
'H NMR and FTIR spectroscopy, while the buffer layer was analyzed by UV-Vis
spectroscopy (360 nm) using an aliquot of the original sodium bisulfide-buffer
solution as a reference. The recovered sulfur was dried and weighed. Yield (8 mg,

53%).

5.6 Supporting Information

This material can be found in APPENDIX 3.
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Chapter 6 - Summary and Future work

6.1 Summary

The overall objective was to develop a novel approach for HPLC-free
preparation of high purity radioiodinated compounds. This was achieved using a
single step approach employing perfluorostannyl precursors absorbed onto
fluorous silica. The system developed is based on a hybrid platform in that it
combines solid-phase and fluorous-phase chemistries. Initial success was
achieved by treating fluorous silica coated with fluorous stannanes with iodine
and chloramine-T (CAT) as the oxidant (Chapters 2). While excellent
radiochemical purity was achieved, the limitation of this approach was the
presence of CAT in the final product. Designing and synthesizing a fluorous
derivative of CAT, F-CAT, resolved this issue (Chapter 3). Thus with the
precursor and the oxidant being fluorous, treatment of fluorous arylstannanes
coated on fluorous silica with [**I]Nal made it possible to produce and
selectively isolate the non-fluorous radiolabelled products in high radiochemical
(>98%) and chemical (>99%) purity.

This platform was initially developed through a model system based on a
fluorous benzoic acid derivative. The platform was then validated with simple
aryl and heterocyclic derivatives, known radiopharmaceuticals including meta-
iodobenzylguanidine (MIBG) and iododeoxyuridine (IUdR), and a new agent
with high affinity for prostate-specific membrane antigen (PSMA). The coated

fluorous silica ‘kits’ were simple to prepare, and reactions can be performed at
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room temperature generating products in minutes in biocompatible solutions
(Chapter 3). In all cases there was no evidence of residual starting materials in the
product, which was verified by HPLC and ICP-MS analysis.

The fluorous oxidant developed during the course of this work, F-CAT,
was further exploited to prepare a halogenated tetrazine (Chapter 4). This
compound can be used to label biomolecules through bioorthogonal coupling
reactions with prosthetic groups containing strained alkenes including norbornene
and trans-cyclooctene (TCO). This approach to labelling biomolecules has a
number of advantages over conventional iodination methods and with the reported
labelling method is readily accessible and requires minimal radiochemistry
expertise and should therefore find widespread use. It is also noteworthy that a
second generation of the fluorous oxidant, F-CAT2, was also prepared which has
a higher solubility in perfluorinated solvents like FC-72 (Chapter 5). Application
of F-CAT?2 for oxidation of hydrogen sulfide to elemental sulphur in a fluorous-
aqueous biphasic system was demonstrated. This metal-free process offers a new
approach to scrubbing sour gas wells and demonstrates that the fluorous oxidants

developed here have utility beyond radiochemistry.

6.2 Impact

The increasing demand for targeted radiotracers and therapeutics has
created the need for expedient means of producing compounds in high effective
specific activity. The described platform meets this need and its versatility has

been demonstrated by producing a wide range of radiolabelled compounds.

150



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

Furthermore, the platform has been used to prepare a radioiodinated tetrazine
which offers a means of labelling biomolecules and serves as a convenient tool for
screening, pharmacokinetic and biodistribution studies. This method represents a
new and general biomolecule radioiodination technique.

The oxidant, F-CAT, was shown to be versatile beyond simply the
radioiodination of small molecules, and was also effective at promoting the
labelling of proteins. F-CAT and its second-generation analogue, F-CAT2, have
also been used for the oxidation of H,S to elemental sulfur. As there are a limited
number of fluorous oxidants that have been reported, F-CAT and F-CAT2 may
become general purpose reagents for academic and industrial processes that

require simple methods for removing or recycling oxidants.

6.3 Future work
6.3.1 Instant Kit Production and Automation of Radioiodination

The hybrid solid-fluorous phase platform developed here meets the goal of
creating instant kits for producing radioiodinated compounds in high yield and
purity. The ability to produce targeted radioiodinated agents in this manner is
novel and should reduce the barriers to translation and dissemination of new
iodine-based radiopharmaceuticals.

The obvious next step is to demonstrate this by employing the techniques
developed here to create a kit for the production of a novel radiopharmaceutical
and translate it into a phase I trial. In parallel, using the methodology and

halogenated tetrazine to support preclinical drug development through
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biomolecule labelling would also validate the utility of the approach. To achieve
the clinical translation goal, a rigorous assessment of the platform around
stability, sterility and pyrogenicity of the final drug product is needed. One
additional component that would need to be explored is that the proof of concept
work was done at a modest scale for safety and convenience reasons. The ability
to scale to larger quantities of radioactivity, using other isotopes of iodine such as
1311 and ***1 needs to be undertaken. In the light of this (scale up) the stability of
the precursor in the presence of larger quantities of radioactivity should also be
evaluated.

The use of FSPE for retention of the fluorous-tin precursor and the
fluorous oxidant thereby affording a facile purification approach makes the
radioiodination process amenable to automation. Automation is used increasingly
to produce PET agents where disposable cassettes are connected to an automated
synthesis unit (ASU) which is programmed to produce and purify the tracer of
interest. One can envisage a disposable kit containing the hybrid system here
where the support is exposed to iodide and a fluorous oxidant and the product
eluted into a multi-dose vial for administration to patients. The advantage of

automation is that it reduces exposure and minimizes errors in production.
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6.3.2 Adapting the hybrid solid-fluorous phase platform to
radiobrominated and radioastatinated pharmaceuticals

The isotopes of bromine which have recently gained interest in nuclear
medicine are "Br (t;, = 72 min, p*) and "°Br (t, = 16.2 h, B*) for PET imaging
and "'Br (ty, = 57 h) for Auger electron, radiotherapy.' Fluorous-tin precursors
could potentially be used to prepare radiobrominated agents where the labelling
would proceed through electrophilic destannylation of fluorous-tin aryl precursors
akin to the radioiodination methods reported in this thesis. Work would focus on
optimizing the reaction conditions since rates of bromination and iodination are
sufficiently different. The concern in using chlorine-based oxidants for
radiobromination is the simultaneous formation chlorinated side products which
could cause significant effects on the yield, chemical purity and ESA.?, Suehiro
and co-workers have reported that optimizing the balance between the precursor
and oxidant prevented the formation of the chlorinated side product.®> Once the
most suitable conditions are identified the fluorous labeling strategy could be used
to generate a range of novel radiobromine based radiopharmaceuticals..

o-Emitters have high linear energy transfer (LET) and higher
radiobiological effectiveness than typical B-emitters. The alpha emitting halogen,
LAt (tyz = 7.2 h) has been reported to have high tumor lethality and thus is of
interest to create new cancer radiotherapies.*® Labelling with ***At generally
follows an electrophilic demetallation strategy. However, the stability of astatine-
carbon bonds is much lower than the corresponding iodine-carbon bonds making

it difficult to generate labeled compounds using the same chemistry employed
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with radioiodine.® Labelling biomolecules with “**At has therefore often been
accomplished using prosthetic groups such as para- and meta-astatobenzoate N-
hydroxysuccinimidyl esters. The adaptation of the hybrid platform for
preparation of the radioastatinated prosthetic groups would offer a convenient and
rapid method for producing these products in high purity. The ability to automate
the approach would also ensure safety where hand doses from working with alpha

emitters at production scales can be significant.

6.3.3 Adapting the hybrid solid-fluorous phase platform to drug discovery:
An expedient tritiation strategy.

Radioisotope use in pharmaceutical research has been invaluable in
definitively elucidating excretory and metabolic pathways in animal models.® The
use of tritium (*H) to obtain in vitro and in vivo biotransformation data has been
widely reported.”® Access to *H materials therefore plays an important role in the
drug discovery process. Preparation of a wide range of tritium-labelled
compounds, in support of pharmaceutical research, has extensively been
accomplished by the use of metal-catalysed exchange with tritiated water or
tritium gas.™* The drawback to the metal-catalysed exchange approach is that the
labelling is often not site-specific, hence the use of homogeneous and
heterogeneous metal-catalysed exchanges have been employed to achieve diverse
substitution products**™*? Thus a generalized method that can be adapted to
prepare a wide range of compounds has not been reported, to the best of our

knowledge.
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Seitz and coworkers™ have demonstrated that in the presence of excess
trifluoroacetic anhydride, trialkylstannyl compounds undergo regioselective
tritiodestannylation upon the addition of tritiated water. The hybrid solid-fluorous
phase radioiodination platform would offer a convenient strategy for producing
tritiated analogues of new lead compounds free from the fluorous-stannyl
derivatives. This strategy would prove to be an attractive alternative to
introduction of tritium by tedious and time-consuming catalytic tritiation
techniques, and can be used to produce agents in high purity for use in high-

14,15

throughput screening and low throughput in vitro assays. Comparable

methods using **C are also conceivable.

6.3.4 Automation of H,S oxidation to elemental sulfur

The development of cost effective, efficient and robust methods for H,S
removal from gaseous streams has been the focus of extensive research for
decades. Liquid Redox Sulfur Recovery (LRSR) techniques are the most widely
used methods, unfortunately they rely on metal-based catalyst which are costly
and have detrimental environmental impact risk. Existing methods which are
based on Fe, As, V, and Co complexes have high operational costs and require
continual replacement of the catalysts.*®

The development of F-CAT2 holds a key promise to overcoming these
challenges and represents a metal-free strategy for scrubbing H,S from sour

gas.Our initial work has demonstrated the feasibility of oxidizing NaHS that is

generated in the H,S scrubbing process. Optimization of reaction conditions, and
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‘harvesting’ of the recovered sulfur need further investigation. In particular, a goal

should be to develop a continuous system that can test the durability of the

catalyst and the extent of oxidized sulphur impurities that might be formed

through this approach.
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APPENDIX 1

Supporting Information for Chapter 3

N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-4-
methylbenzenesulfonamide (3)
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Figure S3-1. *H NMR (600 MHz, CDCls) of 3.
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Figure S3-2. *C NMR (150 MHz, CDCl5) of 3.
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Figure S3-3. FTIR (KBr) spectrum of 3.
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Eiemental Composition Report

Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 100.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%
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Figure S3-5. UV-HPLC chromatograms of a solution of compound 3 in ethanol

(elution method B).
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N-Chloro-N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-4-

methylbenzenesulfonamide (4)
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Figure S3-6. 'H NMR (600 MHz, CDCls) of 4.
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Figure $3-7. *C NMR (150 MHz, CDCls) of 4.

163



McMaster University - Chemical Biology

Ph.D. Thesis - James P. K. Dzandzi

60°€0Y  gp'GLY

SOUBNIWSURIL %,

————6SEIV geveh 8
- — s LE°9gY
_90°€09 byrooy
SOL  6opeL -
_9ggog— -~ S9VBL epgyg
00T oese
: & LE°€L0L
~— 95090F  09'880L -
= OO gappyy oo
——erm -
=l I — ~__biveet
=000l 0060EL V99CCl gegopr  4pggey
~_eveshh
 zIvest
 £9'836)
___ 0z0g6e
g -
S =
o L \
m (
8 2%
R 5§
£+ of /
S Sz /
A4__ U:nw /
s gt |
v :
= FS L
E S5 ¢
m Z &
<
2 =8
s SF |
¥ 58885883885 8885 883 3

500

1000

1500

2000

2500

3000

3500

4000

Wavenumbers (cm-1)

Figure S3-8. FTIR (KBr) spectrum of 4.
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Eiemental Composition Report Page 1
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JFV3B21836A 842 (16.063) AM (Cen,4, 80.00, Ht,6000.0,0.00,0.80); Sb (99,10.00 ); Sm (Mn, 3x3.00); Cm (835:870) 1: TOF MS ES+
100 683.0439 1.28e3

685.0429
|
682.6125

|
T m/z
680.0 682.0 684.0 686.0 688.0 690.0 692.0 694.0

684.0483

786335  6g0.5483 686.0488686.5803

688.5668 690.6250 692.6509
0 h

Minimum: =1.8
Maximum: 100.0 5.0 100.0

Mass Calc. Mass mDa PPM DBE Score Formula

683.0439 683.0428 1.1 1.6 2.5 1 Cl8 H17 N2 02 Fl17 § Cl

Figure S3-9. HRMS (ESI™) of 4.

Figure S3-10. UV-HPLC chromatograms of a solution of compound 4 in ethanol
(elution method B).
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3-(5-Aminopyridin-2-yl)-6-(pyridin-2-yl)-1,2,4,5-tetrazine (16)

McMaster
. i University
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Figure S3-11. *H NMR (600 MHz, DMSO-ds) of 16.
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Figure S3-12. *C NMR (150 MHz, DMSO-dg) of 16.
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HPLC chromatograms of radioiodinated compounds
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Figure S3-13. UV- (above) and y-HPLC trace (below) of 5b co-injected with its
non-radioactive reference standard (elution method B).
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Figure S3-14. UV- (above) and y-HPLC trace (below) of 6b co-injected with its
non-radioactive reference standard (elution method B).
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Figure S3-15. UV- (above) and y-HPLC trace (below) of 7b co-injected with its
non-radioactive reference standard (elution method A).
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Figure S3-16. UV- (above) and y-HPLC trace (below) of 8b co-injected with its
non-radioactive reference standard (elution method C).
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Figure S3-17. UV- trace (above) and y-HPLC trace (below) of 9b co-injected with
its non-radioactive reference standard (elution method B).
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Figure S3-18. y-HPLC trace (above) and UV-HPLC trace (below) of 10b co-
injected with its non-radioactive reference standard (elution method C).
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Figure S3-19. UV- (above) and y-HPLC trace (below) of 11b co-injected with its
non-radioactive reference standard (elution method A).
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Figure S3-20. UV- (above) and y-HPLC trace (below) of 12b co-injected with its
non-radioactive reference standard (elution method A).
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Figure S3-21. UV- (above) and y-HPLC trace (below) of 13b co-injected with its
non-radioactive reference standard (elution method A).
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Thrombin Assay

Rate of cleavage of of S-2238 by Thrombin (lla)
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Figure S3-22. Rate of cleavage of the chromogenic substrate (S-2238) by labelled
thrombin produced using both oxidants. Protein concentrations of 14 nM, 7 nM
and 3.5 nM were analyzed, with unmodified thrombin (Cold Ila) as a positive
control and buffer (No Ila) as the negative control.
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Table S3-1. Crystal data and structure refinement for 3.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 68.35°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>20(1)]

R indices (all data)

Largest diff. peak and hole

178

james3_0m

C1gH14F17NO,S

631.36

173(2) K

1.54178 A

Monoclinic

P2(1)/c

a=21.9809(6) A o =90°

b =5.66540(10) A B =94.7170(10)°
c=18.7773(5) A y=90°
2330.43(10) A 3

4

1.800 Mg/m3

2.720 mm-1

1256

0.46 x 0.09 x 0.05 mm3

4.04 to 68.35°.

-26<h<26, -6<k<6, -22<1<22
23861

4258 [R(int) = 0.0369]

99.5 %

Semi-empirical from equivalents
0.8760 and 0.3664

Full-matrix least-squares on F2
4258/ 6 / 366

1.094

R; =0.0675, wR, = 0.2093

R; =0.0774, wR, = 0.2187
0.722 and -0.340 eA-3



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

Table S3-2. Atomic coordinates (x104) and equivalent isotropic displacement
parameters (A2x103) for 3. U(eq) is defined as one third of the trace of the
orthogonalized U tensor.

X y z U(eq)
S(1) 4523(1) 10016(2) 1449(1) 49(1)
O(1) 4608(1) 11339(5) 2099(2) 62(1)
0(2) 4454(1) 11203(5) 783(2) 60(1)
N(1) 5128(1) 8346(6) 1451(2) 51(1)
F(1) 6979(1) 3744(4) 711(1) 62(1)
F(2) 6927(1) 5228(4) 1768(1) 63(1)
F(3) 7445(1) 9248(4) 1401(2) 65(1)
F(4) 7398(1) 8218(5) 278(1) 66(1)
F(5) 8173(1) 4831(5) 498(2) 74(1)
F(6) 8107(2) 4806(5) 1642(2) 73(1)
F(7) 8546(1) 9692(4) 694(2) 77(2)
F(8) 8650(1) 8858(5) 1823(2) 77(2)
F(9) 9290(1) 4727(4) 1404(2) 81(1)
F(10) 9316(1) 6460(6) 375(2) 86(1)
F(11) 9871(1) 8038(6) 2079(2) 86(1)
F(12) 9722(1) 10520(4) 1205(2) 90(1)
F(13) 10483(1) 5230(5) 1083(2) 81(1)
F(14) 10444(2) 8326(7) 417(2) 99(1)
C(18) 11007(2) 8570(9) 1513(3) 80(2)
F(15) 11487(1) 8184(7) 1161(2) 100(1)
F(16) 11100(2) 7433(8) 2138(2) 102(1)
F(17) 10950(2) 10820(6) 1644(3) 111(2)
C(18) 11007(2) 8570(9) 1513(3) 80(2)
F(15 11563(7) 8150(80) 1789(19) 100(1)
F(16") 10709(18) 9600(80) 2024(15) 102(1)
F(17") 11015(18)  10040(70) 977(16) 111(2)
C@1) 3888(2) 8142(6) 1494(2) 45(1)
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C(2) 3421(2) 8139(8) 962(2) 58(1)
C(3) 2937(2) 6605(9) 1009(2) 65(1)
C(4) 2917(2) 5038(7) 1569(2) 55(1)
C(5) 3388(2) 5085(8) 2098(3) 66(1)
C(6) 3876(2) 6616(8) 2072(2) 61(1)
c(7) 2393(2) 3328(9) 1603(3) 75(1)
C(8) 5153(2) 6621(7) 860(2) 53(1)
C(9) 5759(2) 5304(7) 953(2) 56(1)
C(10) 6298(2) 6927(7) 831(2) 56(1)
C(11) 6900(2) 5792(7) 1063(2) 51(1)
C(12) 7455(2) 7377(7) 953(2) 51(1)
C(13) 8091(2) 6203(7) 1073(2) 53(1)
C(14) 8636(2) 7926(7) 1161(2) 53(1)
C(15) 9268(2) 6805(7) 1075(3) 58(1)
C(16) 9818(2) 8268(7) 1369(2) 58(1)
C(17) 10435(2) 7559(8) 1092(3) 67(1)
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Table S3-3. Bond lengths [A] and angles [°] for 3.

S(1)-0(2) 1.416(3)
S(1)-0(1) 1.432(3)
S(1)-N(1) 1.632(3)
S(1)-C(1) 1.762(4)
N(1)-C(8) 1.483(5)
N(L)-H(1A) 0.99(5)

F(1)-C(11) 1.354(5)
F(2)-C(11) 1.359(5)
F(3)-C(12) 1.355(5)
F(4)-C(12) 1.350(5)
F(5)-C(13) 1.354(5)
F(6)-C(13) 1.327(5)
F(7)-C(14) 1.334(5)
F(8)-C(14) 1.349(5)
F(9)-C(15) 1.329(5)
F(10)-C(15) 1.340(5)
F(11)-C(16) 1.335(5)
F(12)-C(16) 1.325(5)
F(13)-C(17) 1.324(5)
F(14)-C(17) 1.341(6)
C(18)-F(17) 1.306(6)
C(18)-F(15) 1.310(6)
C(18)-F(16) 1.339(7)
C(18)-C(17) 1.541(7)
C(1)-C(2) 1.372(5)
C(1)-C(6) 1.389(6)
C(2)-C(3) 1.382(6)
C(2)-H(2) 0.9500

C(3)-C(4) 1.379(6)
C(3)-H(3) 0.9500

C(4)-C(5) 1.376(6)
C(4)-C(7) 1.510(6)
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C(5)-C(6)
C(5)-H(5A)
C(6)-H(6A)
C(7)-H(7C)
C(7)-H(7B)
C(7)-H(7A)
C(8)-C(9)
C(8)-H(8B)
C(8)-H(8A)
C(9)-C(10)
C(9)-H(9B)
C(9)-H(9A)
C(10)-C(11)
C(10)-H(10B)
C(10)-H(10A)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)

0(2)-5(1)-0(1)
O(2)-5(1)-N(1)
O(1)-S(1)-N(1)
0(2)-5(1)-C(1)
O(1)-S(1)-C(1)
N(1)-S(1)-C(1)
C(8)-N(1)-5(1)

C(8)-N(1)-H(1A)

S(1)-N(1)-H(1A)

F(17)-C(18)-F(15)
F(17)-C(18)-F(16)
F(15)-C(18)-F(16)

1.383(6)
0.9500
0.9500
0.9800
0.9800
0.9800
1.523(6)
0.9900
0.9900
1.533(6)
0.9900
0.9900
1.502(5)
0.9900
0.9900
1.543(6)
1.547(5)
1.543(5)
1.549(5)
1.531(6)
1.546(6)

120.06(19)
107.83(18)
104.59(17)
107.54(17)
108.79(18)
107.42(17)
117.4(3)
120(3)
110(3)
110.6(5)
108.3(6)
106.9(4)
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F(17)-C(18)-C(17) 111.9(4)
F(15)-C(18)-C(17) 109.6(5)
F(16)-C(18)-C(17) 109.3(4)
C(2)-C(1)-C(6) 120.4(4)
C(2)-C(1)-S(1) 120.9(3)
C(6)-C(1)-S(1) 118.6(3)
C(1)-C(2)-C(3) 119.2(4)
C(1)-C(2)-H(2) 120.4
C(3)-C(2)-H(2) 120.4
C(4)-C(3)-C(2) 121.8(4)
C(4)-C(3)-H(@3) 119.1
C(2)-C(3)-H(@3) 119.1
C(5)-C(4)-C(3) 117.9(4)
C(5)-C(4)-C(7) 120.9(4)
C(3)-C(4)-C(7) 121.2(4)
C(4)-C(5)-C(6) 121.8(4)
C(4)-C(5)-H(5A) 119.1
C(6)-C(5)-H(5A) 119.1
C(5)-C(6)-C(1) 118.9(4)
C(5)-C(6)-H(6A) 120.6
C(1)-C(6)-H(6A) 120.6
C(4)-C(7)-H(7C) 109.5
C(4)-C(7)-H(7B) 109.5
H(7C)-C(7)-H(7B) 109.5
C(4)-C(7)-H(7A) 109.5
H(7C)-C(7)-H(7A) 109.5
H(7B)-C(7)-H(7A) 109.5
N(1)-C(8)-C(9) 108.8(3)
N(1)-C(8)-H(8B) 109.9
C(9)-C(8)-H(8B) 109.9
N(1)-C(8)-H(8A) 109.9
C(9)-C(8)-H(8A) 109.9
H(8B)-C(8)-H(8A) 108.3
C(8)-C(9)-C(10) 111.6(3)

183



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

C(8)-C(9)-H(9B) 109.3
C(10)-C(9)-H(9B) 109.3
C(8)-C(9)-H(9A) 109.3
C(10)-C(9)-H(9A) 109.3
H(9B)-C(9)-H(9A) 108.0
C(11)-C(10)-C(9) 111.9(3)

C(11)-C(10)-H(10B)  109.2
C(9)-C(10)-H(10B) 109.2
C(11)-C(10)-H(10A)  109.2
C(9)-C(10)-H(10A) 109.2
H(10B)-C(10)-H(10A)  107.9

F(1)-C(11)-F(2) 106.1(3)
F(1)-C(11)-C(10) 111.7(3)
F(2)-C(11)-C(10) 110.6(3)
F(1)-C(11)-C(12) 107.4(3)
F(2)-C(11)-C(12) 107.2(3)
C(10)-C(11)-C(12) 113.5(3)
F(4)-C(12)-F(3) 107.6(3)
F(4)-C(12)-C(11) 108.5(3)
F(3)-C(12)-C(11) 108.5(3)
F(4)-C(12)-C(13) 107.5(3)
F(3)-C(12)-C(13) 107.9(3)
C(11)-C(12)-C(13) 116.4(3)
F(6)-C(13)-F(5) 107.6(3)
F(6)-C(13)-C(14) 108.8(3)
F(5)-C(13)-C(14) 107.2(3)
F(6)-C(13)-C(12) 109.8(3)
F(5)-C(13)-C(12) 107.9(3)
C(14)-C(13)-C(12) 115.3(3)
F(7)-C(14)-F(8) 107.6(3)
F(7)-C(14)-C(13) 109.5(3)
F(8)-C(14)-C(13) 107.8(3)
F(7)-C(14)-C(15) 108.9(3)
F(8)-C(14)-C(15) 107.7(3)
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C(13)-C(14)-C(15) 115.1(3)
F(9)-C(15)-F(10) 109.0(4)
F(9)-C(15)-C(16) 108.3(3)
F(10)-C(15)-C(16) 108.1(4)
F(9)-C(15)-C(14) 108.2(3)
F(10)-C(15)-C(14) 107.8(3)
C(16)-C(15)-C(14) 115.4(3)
F(12)-C(16)-F(11) 109.0(4)
F(12)-C(16)-C(15) 109.4(3)
F(11)-C(16)-C(15) 108.0(4)
F(12)-C(16)-C(17) 107.4(4)
F(11)-C(16)-C(17) 107.7(3)
C(15)-C(16)-C(17) 115.2(4)
F(13)-C(17)-F(14) 107.7(4)
F(13)-C(17)-C(18) 108.3(4)
F(14)-C(17)-C(18) 106.9(4)
F(13)-C(17)-C(16) 109.7(4)
F(14)-C(17)-C(16) 108.4(4)
C(18)-C(17)-C(16) 115.6(4)

Symmetry transformations used to generate equivalent atoms:
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Table S3-4. Anisotropic displacement parameters (A2x103) for 3. The anisotropic
displacement factor exponent takes the form: -2n2[h2a*2U1l + . + 2hka*b*U12]

ull u22 u33 u23 ul3 ul2
S(1) 44(1) 39(1) 62(1) 0(1) -6(1) -3(1)
0(1) 57(2) 56(2) 72(2) -15(1) -10(1) 1(1)
0(2) 53(2) 51(2) 75(2) 9(1) -9(1) -8(1)
N(1) 41(2) 45(2) 65(2) -3(2) 0(1) -4(1)
F(1) 54(1) 48(1) 82(2) -9(1) 4(1) 3(1)
F(2) 56(1) 67(2) 65(1) 9(1) 6(1) 3(1)
F(3) 51(1) 43(1) 100(2) -11(1) 8(1) 4(1)
F(4) 48(1) 75(2) 75(2) 23(1) -1(1) 1(1)
F(5) 52(1) 68(2) 101(2) -32(1) -2(1) 6(1)
F(6) 54(1) 64(2) 99(2) 27(1) -5(1) 2(1)
F(7) 52(1) 54(1) 123(2) 29(2) 1(1) 6(1)
F(8) 54(1) 82(2) 96(2) -36(2) 4(1) 0(1)
F(9) 54(1) 39(1) 148(3) 14(1) 4(2) 6(1)
F(10)  60(2) 115(3) 82(2) -33(2) 6(1) 2(2)
F(11) 66(2) 114(3) 75(2) -17(2) 1(1) -6(2)
F(12) 57(2) 38(1) 174(3) 7(2) -4(2) 2(1)
F(13) 62(2) 56(2) 126(2) -10(2) 8(2) 12(1)
F(14)  75(2) 128(3) 96(2) 33(2) 18(2) 8(2)
C(18) 49(2) 61(3) 129(5) 10(3) -1(3) -1(2)
F(15)  49(2) 101(3) 152(3) 12(2) 18(2) 3(2)
F(16)  70(2) 122(3) 111(3) 14(2) -20(2) -2(2)
F(17) 61(2) 59(2) 211(5) -15(2) -3(2) -13(2)
C(18) 49(2) 61(3) 129(5) 10(3) -1(3) -1(2)
F(15)  49(2) 101(3) 152(3) 12(2) 18(2) 3(2)
F(16")  70(2) 122(3) 111(3) 14(2) -20(2) -2(2)
F(17)  61(2) 59(2) 211(5) -15(2) -3(2) -13(2)
C(1) 38(2) 40(2) 56(2) 0(2) 1(1) 0(1)
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C(2)  50() 64(3) 58(2) 9(2) -10(2) -6(2)
C(3)  48(2) 82(3) 63(2) 5(2) 72) -16(2)
C(4) 442 51(2) 70(2) -6(2) 11(2) 2(2)
CG)  52(2) 70(3) 76(3) 24(2) 5(2) -6(2)
ce) 4702 69(3) 66(2) 14(2) -4(2) -4(2)
C(7)  55() 70(3) 101(4) 1(3) 17(2) -16(2)
c@e) 4702 46(2) 64(2) -6(2) 4(2) -9(2)
cO) 512 45(2) 74(3) 0(2) 3(2) 1(2)
C(10)  47(2) 48(2) 72(2) 6(2) 3(2) 2(2)
C(11) 50(2) 42(2) 62(2) 1(2) 2(2) 3(2)
C(12) 48(2) 41(2) 64(2) 1(2) 1(2) 6(2)
C(13)  46(2) 39(2) 73(3) 1(2) 1(2) 5(2)
C(14) 51(2) 36(2) 70(2) -3(2) 1(2) 5(2)
C(15) 51(2) 40(2) 84(3) -4(2) 4(2) 5(2)
C(16)  49(2) 41(2) 81(3) 0(2) -3(2) 4(2)
C(17)  53(2) 53(2) 94(3) 13(2) 5(2) 4(2)

187



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

Table S3-5. Hydrogen coordinates (x10%) and isotropic displacement parameters
(A2x103) for 3.

X y z U(eq)
H(1A) 5260(20) 7860(80) 1950(20) 61
H(2) 3430 9179 566 70
H(3) 2610 6630 646 78
H(5A) 3378 4037 2492 79
H(6A) 4197 6624 2443 74
H(7C) 2117 3898 1950 112
H(7B) 2552 1773 1752 112
H(7A) 2170 3205 1131 112
H(8B) 5117 7454 395 63
H(8A) 4810 5491 867 63
H(9B) 5751 3975 611 68
H(9A) 5813 4641 1442 68
H(10B) 6289 7328 317 67
H(10A) 6258 8412 1100 67
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Table S3-6. Torsion angles [°] for 3.

McMaster University - Chemical Biology

0(2)-S(1)-N(1)-C(8)
O(1)-S(1)-N(1)-C(8)
C(1)-S(1)-N(1)-C(8)
0(2)-S(1)-C(1)-C(2)
0(1)-S(1)-C(1)-C(2)
N(1)-S(1)-C(1)-C(2)
0(2)-S(1)-C(1)-C(6)
0(1)-S(1)-C(1)-C(6)
N(1)-S(1)-C(1)-C(6)
C(6)-C(1)-C(2)-C(3)
S(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(7)
C(3)-C(4)-C(5)-C(6)
C(7)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(1)
C(2)-C(1)-C(6)-C(5)
S(1)-C(1)-C(6)-C(5)
S(1)-N(1)-C(8)-C(9)
N(1)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-F(1)
C(9)-C(10)-C(11)-F(2)
C(9)-C(10)-C(11)-C(12)
F(1)-C(11)-C(12)-F(4)
F(2)-C(11)-C(12)-F(4)
C(10)-C(11)-C(12)-F(4)
F(1)-C(11)-C(12)-F(3)
F(2)-C(11)-C(12)-F(3)
C(10)-C(11)-C(12)-F(3)
F(1)-C(11)-C(12)-C(13)
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-55.4(3)
175.8(3)
60.3(3)
-4.1(4)
127.4(3)
-119.9(4)
174.3(3)
-54.3(4)
58.4(4)
0.2(7)
178.5(4)
-1.4(7)
1.8(7)
-178.4(4)
-1.0(7)
179.2(5)
-0.1(7)
0.5(7)
-177.8(4)
178.4(3)
-68.3(4)
168.5(4)
58.8(5)
-59.1(5)
-179.6(3)
74.3(4)
-172.1(3)
-49.7(4)
-169.1(3)
-55.5(4)
66.9(4)
-47.2(4)
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F(2)-C(11)-C(12)-C(13)
C(10)-C(11)-C(12)-C(13)
F(4)-C(12)-C(13)-F(6)
F(3)-C(12)-C(13)-F(6)
C(11)-C(12)-C(13)-F(6)
F(4)-C(12)-C(13)-F(5)
F(3)-C(12)-C(13)-F(5)
C(11)-C(12)-C(13)-F(5)
F(4)-C(12)-C(13)-C(14)
F(3)-C(12)-C(13)-C(14)
C(11)-C(12)-C(13)-C(14)
F(6)-C(13)-C(14)-F(7)
F(5)-C(13)-C(14)-F(7)
C(12)-C(13)-C(14)-F(7)
F(6)-C(13)-C(14)-F(8)
F(5)-C(13)-C(14)-F(8)
C(12)-C(13)-C(14)-F(8)
F(6)-C(13)-C(14)-C(15)
F(5)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-C(15)
F(7)-C(14)-C(15)-F(9)
F(8)-C(14)-C(15)-F(9)
C(13)-C(14)-C(15)-F(9)
F(7)-C(14)-C(15)-F(10)
F(8)-C(14)-C(15)-F(10)
C(13)-C(14)-C(15)-F(10)
F(7)-C(14)-C(15)-C(16)
F(8)-C(14)-C(15)-C(16)
C(13)-C(14)-C(15)-C(16)
F(9)-C(15)-C(16)-F(12)
F(10)-C(15)-C(16)-F(12)
C(14)-C(15)-C(16)-F(12)
F(9)-C(15)-C(16)-F(11)
F(10)-C(15)-C(16)-F(11)
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66.4(4)
-171.2(4)
-163.0(3)

81.2(4)

-41.0(5)

-46.0(4)
-161.7(3)

76.0(4)

73.8(4)

-42.0(5)
-164.3(3)
-164.8(3)

79.1(4)

-41.0(5)

-48.0(4)
-164.1(3)

75.8(4)

72.2(4)

-43.9(5)
-164.1(4)
-164.7(3)

78.8(4)

-41.4(5)

-47.1(4)
-163.5(3)

76.3(4)

73.8(5)

-42.6(5)
-162.8(4)
-162.8(4)

79.3(4)

-41.3(5)

-44.3(4)
-162.2(3)
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C(14)-C(15)-C(16)-F(11) 77.1(4)
F(9)-C(15)-C(16)-C(17) 76.1(5)
F(10)-C(15)-C(16)-C(17) -41.8(5)
C(14)-C(15)-C(16)-C(17) -162.4(4)
F(17)-C(18)-C(17)-F(13) -169.7(5)
F(15)-C(18)-C(17)-F(13) 67.2(6)
F(16)-C(18)-C(17)-F(13) -49.7(6)
F(17)-C(18)-C(17)-F(14) 74.5(6)
F(15)-C(18)-C(17)-F(14) -48.6(5)
F(16)-C(18)-C(17)-F(14) -165.5(4)
F(17)-C(18)-C(17)-C(16) -46.2(7)
F(15)-C(18)-C(17)-C(16) -169.3(4)
F(16)-C(18)-C(17)-C(16) 73.8(5)
F(12)-C(16)-C(17)-F(13) -164.9(4)
F(11)-C(16)-C(17)-F(13) 77.9(5)
C(15)-C(16)-C(17)-F(13) -42.7(6)
F(12)-C(16)-C(17)-F(14) -47.5(5)
F(11)-C(16)-C(17)-F(14) -164.8(4)
C(15)-C(16)-C(17)-F(14) 74.6(5)
F(12)-C(16)-C(17)-C(18) 72.4(5)
F(11)-C(16)-C(17)-C(18) -44.9(5)
C(15)-C(16)-C(17)-C(18) -165.5(4)

Symmetry transformations used to generate equivalent atoms:
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Table S3-7. Crystal data and structure refinement for 4

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 68.04°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>20(1)]

R indices (all data)

Largest diff. peak and hole
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james4_Om

C1gH13CIF17NO,S

665.80

173(2) K

1.54178 A

Monoclinic

P2(1)/n

a=5.92980(10) A o =90°
b=9.0060(2) A B =90.1160(10)°
c=44.0769(11) A y=90°
2353.87(9) A 3

4

1.879 Mg/m3

3.753 mm-1

1320

0.50 x 0.42 x 0.03 mm3

4.01 to 68.04°.

-6<h<7, -10<k<10, -52<1<50
17085

4091 [R(int) = 0.0547]

96.0 %

Semi-empirical from equivalents
0.7530 and 0.4942

Full-matrix least-squares on F2
4091/0/ 361

1.054

R; =0.0613, wR, = 0.1548

R; =0.0729, wR, = 0.1621
0.458 and -0.382 eA-3
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Table $3-8. Atomic coordinates (x104) and equivalent isotropic displacement
parameters (A2x103) for 4. U(eq) is defined as one third of the trace of the
orthogonalized U tensor.

X y z U(eq)
S(1) 11759(2) 2653(1) 1928(1) 38(1)
Cl(2) 12210(2) 5735(1) 1824(1) 51(1)
O(1) 10677(5) 1408(3) 1790(1) 47(1)
0(2) 14156(4) 2732(3) 1941(1) 50(1)
N(1) 10903(5) 4096(4) 1717(1) 37(1)
F(1) 5067(4) 3996(3) 848(1) 60(1)
F(2) 7836(5) 5458(3) 741(1) 60(1)
F(3) 10334(4) 3089(3) 553(1) 58(1)
F(4) 7575(5) 1602(3) 664(1) 58(1)
F(5) 4830(3) 3031(3) 272(1) 54(1)
F(6) 7444(5) 4636(2) 169(1) 54(1)
F(7) 7634(5) 783(3) 88(1) 62(1)
F(8) 10219(4) 2406(4) -15(1) 63(1)
F(9) 7366(5) 3805(3) -407(1) 59(1)
F(10) 4737(4) 2212(3) -302(1) 60(1)
F(11) 7344(5) -47(3) -491(1) 63(1)
F(12) 10161(4) 1440(3) -566(1) 57(1)
F(13) 7779(7) 2990(3) -978(1) 82(1)
F(14) 4846(4) 1634(5) -897(1) 88(1)
F(15) 7131(9) -770(4) -1085(1) 115(2)
F(16) 10088(6) 463(5) -1138(1) 104(1)
F(17) 7236(5) 999(3) -1401(1) 71(2)
C@2) 10655(6) 2882(4) 2296(1) 35(1)
C(2) 8599(6) 2251(5) 2366(1) 40(1)
C@3) 7707(6) 2469(5) 2651(1) 41(1)
C4) 8838(7) 3301(5) 2870(1) 42(1)
C(5) 10921(7) 3906(4) 2793(1) 43(1)
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C(6) 11856(6) 3708(5) 2510(1) 42(1)
c(7) 7841(8) 3552(5) 3179(1) 52(1)
C(8) 8411(6) 4275(5) 1688(1) 40(1)
C(9) 7785(7) 4843(5) 1373(1) 41(1)
C(10) 8377(7) 3714(5) 1130(1) 43(1)
C(11) 7344(6) 4053(4) 828(1) 35(1)
C(12) 8086(6) 2985(4) 574(1) 35(1)
C(13) 7057(6) 3231(4) 254(1) 32(1)
C(14) 7993(6) 2190(4) 4(1) 34(1)
C(15) 6972(6) 2411(4) -316(1) 34(1)
C(16) 7900(6) 1343(4) -563(1) 35(1)
C(17) 7097(7) 1660(5) -890(1) 41(1)
C(18) 7880(8) 552(5) -1131(1) 49(1)
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Table S3-9. Bond lengths [A] and angles [°] for 4.

S(1)-0(2) 1.424(3)
S(1)-0(1) 1.428(3)
S(1)-N(1) 1.677(3)
S(1)-C(1) 1.761(4)
CI(1)-N(1) 1.733(3)
N(1)-C(8) 1.492(5)
F(1)-C(11) 1.354(4)
F(2)-C(11) 1.354(4)
F(3)-C(12) 1.340(4)
F(4)-C(12) 1.343(4)
F(5)-C(13) 1.335(4)
F(6)-C(13) 1.340(4)
F(7)-C(14) 1.338(4)
F(8)-C(14) 1.337(4)
F(9)-C(15) 1.338(4)
F(10)-C(15) 1.339(4)
F(11)-C(16) 1.333(4)
F(12)-C(16) 1.344(4)
F(13)-C(17) 1.322(5)
F(14)-C(17) 1.335(5)
F(15)-C(18) 1.287(5)
F(16)-C(18) 1.312(5)
F(17)-C(18) 1.311(5)
C(1)-C(2) 1.381(5)
C(1)-C(6) 1.396(5)
C(2)-C(3) 1.376(6)
C(2)-H(2B) 0.9500

C(3)-C(4) 1.393(6)
C(3)-H(3A) 0.9500

C(4)-C(5) 1.393(6)
C(4)-C(7) 1.504(6)
C(5)-C(6) 1.378(6)
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C(5)-H(5A)
C(6)-H(6A)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(9)-H(%A)
C(9)-H(9B)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)

0(2)-5(1)-0(1)
O(2)-5(1)-N(1)
O(1)-S(1)-N(1)
0(2)-5(1)-C(1)
O(1)-S(1)-C(1)
N(1)-S(1)-C(1)
C(8)-N(1)-5(1)
C(8)-N(1)-ClI(2)
S(1)-N(1)-ClI(2)
C(2)-C(1)-C(6)
C(2)-C(1)-s(1)
C(6)-C(1)-S(1)

0.9500
0.9500
0.9800
0.9800
0.9800
1.524(5)
0.9900
0.9900
1.520(5)
0.9900
0.9900
1.495(5)
0.9900
0.9900
1.542(5)
1.550(5)
1.551(5)
1.546(5)
1.554(5)
1.541(5)
1.532(6)

120.23(18)
106.48(17)
103.62(17)
109.36(18)
108.50(18)
107.94(17)
115.4(2)
111.9(3)
111.93(18)
121.1(4)
119.3(3)
119.6(3)
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C(3)-C(2)-C(1) 119.2(4)
C(3)-C(2)-H(2B) 120.4
C(1)-C(2)-H(2B) 120.4
C(2)-C(3)-C(4) 121.5(4)
C(2)-C(3)-H(3A) 119.2
C(4)-C(3)-H(3A) 119.2
C(5)-C(4)-C(3) 117.9(4)
C(5)-C(4)-C(7) 120.8(4)
C(3)-C(4)-C(7) 121.3(4)
C(6)-C(5)-C(4) 121.9(4)
C(6)-C(5)-H(5A) 119.0
C(4)-C(5)-H(5A) 119.0
C(5)-C(6)-C(1) 118.4(4)
C(5)-C(6)-H(6A) 120.8
C(1)-C(6)-H(6A) 120.8
C(4)-C(7)-H(7A) 109.5
C(4)-C(7)-H(7B) 109.5
H(7A)-C(7)-H(7B) 109.5
C(4)-C(7)-H(7C) 109.5
H(7A)-C(7)-H(7C) 109.5
H(7B)-C(7)-H(7C) 109.5
N(1)-C(8)-C(9) 110.7(3)
N(1)-C(8)-H(8A) 109.5
C(9)-C(8)-H(8A) 109.5
N(1)-C(8)-H(8B) 109.5
C(9)-C(8)-H(8B) 109.5
H(8A)-C(8)-H(8B) 108.1
C(10)-C(9)-C(8) 111.2(3)
C(10)-C(9)-H(9A) 109.4
C(8)-C(9)-H(9A) 109.4
C(10)-C(9)-H(9B) 109.4
C(8)-C(9)-H(9B) 109.4
H(9A)-C(9)-H(9B) 108.0
C(11)-C(10)-C(9) 113.4(3)
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C(11)-C(10)-H(10A)  108.9
C(9)-C(10)-H(10A) 108.9
C(11)-C(10)-H(10B)  108.9
C(9)-C(10)-H(10B) 108.9
H(10A)-C(10)-H(10B)  107.7

F(2)-C(11)-F(1) 105.6(3)
F(2)-C(11)-C(10) 110.7(3)
F(1)-C(11)-C(10) 110.0(3)
F(2)-C(11)-C(12) 108.4(3)
F(1)-C(11)-C(12) 108.0(3)
C(10)-C(11)-C(12) 113.7(3)
F(3)-C(12)-F(4) 108.1(3)
F(3)-C(12)-C(11) 106.9(3)
F(4)-C(12)-C(11) 107.3(3)
F(3)-C(12)-C(13) 108.6(3)
F(4)-C(12)-C(13) 108.3(3)
C(11)-C(12)-C(13) 117.3(3)
F(5)-C(13)-F(6) 108.3(3)
F(5)-C(13)-C(12) 108.3(3)
F(6)-C(13)-C(12) 108.8(3)
F(5)-C(13)-C(14) 108.4(3)
F(6)-C(13)-C(14) 108.0(3)
C(12)-C(13)-C(14) 114.8(3)
F(8)-C(14)-F(7) 108.2(3)
F(8)-C(14)-C(15) 108.0(3)
F(7)-C(14)-C(15) 108.2(3)
F(8)-C(14)-C(13) 108.2(3)
F(7)-C(14)-C(13) 108.5(3)
C(15)-C(14)-C(13) 115.6(3)
F(9)-C(15)-F(10) 108.3(3)
F(9)-C(15)-C(14) 108.9(3)
F(10)-C(15)-C(14) 108.9(3)
F(9)-C(15)-C(16) 108.0(3)
F(10)-C(15)-C(16) 107.7(3)
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C(14)-C(15)-C(16) 114.9(3)
F(11)-C(16)-F(12) 108.1(3)
F(11)-C(16)-C(17) 108.7(3)
F(12)-C(16)-C(17) 106.6(3)
F(11)-C(16)-C(15) 109.0(3)
F(12)-C(16)-C(15) 108.7(3)
C(17)-C(16)-C(15) 115.5(3)
F(13)-C(17)-F(14) 108.4(4)
F(13)-C(17)-C(18) 107.1(3)
F(14)-C(17)-C(18) 106.0(3)
F(13)-C(17)-C(16) 110.3(3)
F(14)-C(17)-C(16) 109.0(3)
C(18)-C(17)-C(16) 115.7(3)
F(15)-C(18)-F(17) 109.1(4)
F(15)-C(18)-F(16) 106.9(4)
F(17)-C(18)-F(16) 106.6(4)
F(15)-C(18)-C(17) 112.8(4)
F(17)-C(18)-C(17) 110.0(4)
F(16)-C(18)-C(17) 111.1(4)

Symmetry transformations used to generate equivalent atoms:
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Table S3-10. Anisotropic displacement parameters (A2x103) for 4. The
anisotropic displacement factor exponent takes the form:

-2n2[h2a*2U11 + . + 2hka*b*U12]

ull u22 u33 u23 ul3 ul2
S(2) 30(2) 40(1) 45(1) 0(1) 1(1) 2(1)
CI(2) 43(1) 44(1) 65(1) 2(1) 6(1) -7(2)
0() 46(2) 43(2) 53(2) -9(2) 2(1) -1(2)
0(2) 32(1) 58(2) 61(2) 4(2) 2(1) 7(1)
N(1) 30(2) 42(2) 39(2) 2(1) 3(1) -2(2)
F(1) 34(1) 93(2) 51(2) -16(1) 0(1) 14(1)
F(2) 103(2) 34(1) 44(1) 0(1) -1(2) 0(1)
F(3) 29(1) 98(2) 49(1) -17(1) -2(2) 15(1)
F(4) 99(2) 32(1) 42(1) 4(1) -7(2) 5(1)
F(5) 26(1) 90(2) 45(1) -9(2) 3(1) 8(1)
F(6) 90(2) 28(1) 44(1) 2(1) -2(2) 6(1)
F(7) 110(2) 31(2) 44(1) 3(1) -2(2) 10(1)
F(8) 26(1) 112(2) 51(1) -23(2) 1(1) 10(1)
F(9) 101(2) 31(2) 45(1) 4(1) 2(1) 9(1)
F(10)  27(1) 106(2) 48(1) -16(1) 0(1) 9(1)
F(11) 108(2) 31(2) 51(2) -1(2) 10(1) -3(2)
F(12)  33(1) 90(2) 50(2) -15(1) 2(1) 16(1)
F(13) 158(3) 42(2) 45(2) 5(1) -7(2) -1(2)
F(14)  46(2) 157(3) 59(2) -33(2) -13(1) 34(2)
F(15) 224(5) 56(2) 66(2) -19(2) 35(3) -27(2)
F(16) 67(2) 183(4) 61(2) -36(2) 0(2) 47(2)
F(17)  93(2) 77(2) 42(1) -10(1) -14(1) 31(2)
C(2) 28(2) 37(2) 41(2) 4(2) -5(2) 0(2)
C(2) 32(2) 44(2) 44(2) 5(2) -9(2) -6(2)
C(3) 29(2) 48(2) 47(2) 8(2) -3(2) -3(2)
C(4) 40(2) 42(2) 44(2) 8(2) -3(2) 9(2)
C(5) 44(2) 38(2) 46(2) 0(2) -11(2) -3(2)
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c() 312 45(2) 48(2) 2(2) -4(2) -6(2)
c(7) 533 52(3) 51(3) 4(2) -3(2) 6(2)
c(e)  29(2) 54(2) 38(2) 1(2) 5(2) 3(2)
CO)  39() 47(2) 36(2) 2(2) 0(2) 9(2)
C(10)  43(2) 44(2) 40(2) 1(2) 5(2) 10(2)
c(11) 31(2) 33(2) 40(2) 0(2) 2(2) 4(2)
C(12) 29(2) 33(2) 41(2) 2(2) 2(2) 5(2)
C(13)  29(2) 26(2) 40(2) 1(2) “1(2) 6(2)
C(14) 31(2) 29(2) 42(2) 0(2) 2(2) 6(2)
C(15)  29(2) 31(2) 42(2) 2(2) 0(2) 5(2)
C(16)  33(2) 31(2) 41(2) 0(2) 1(2) 8(2)
C(17) 42(2) 40(2) 41(2) -1(2) “1(2) 10(2)
C(18) 57(3) 46(3) 44(2) -4(2) 5(2) 8(2)
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Table S3-11. Hydrogen coordinates (x104) and isotropic displacement parameters
(A2x103) for 4.

X y z U(eq)
H(2B) 7809 1674 2220 48
H(3A) 6287 2042 2699 49
H(5A) 11721 4472 2940 52
H(6A) 13284 4124 2462 50
H(7A) 6374 3055 3192 78
H(7B) 7644 4619 3213 78
H(7C) 8855 3144 3334 78
H(8A) 7869 4984 1843 48
H(8B) 7665 3308 1724 48
H(9A) 6147 5053 1366 49
H(9B) 8598 5783 1333 49
H(10A) 10037 3677 1107 51
H(10B) 7865 2720 1196 51
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Table S3-12. Torsion angles [°] for 4.

McMaster University - Chemical Biology

0(2)-S(1)-N(1)-C(8)
O(1)-S(1)-N(1)-C(8)
C(1)-S(1)-N(1)-C(8)
0(2)-S(1)-N(1)-CI(1)
O(1)-S(1)-N(1)-CI(1)
C(1)-S(1)-N(1)-CI(1)
0(2)-S(1)-C(1)-C(2)
0O(1)-S(1)-C(1)-C(2)
N(1)-S(1)-C(1)-C(2)
0(2)-S(1)-C(1)-C(6)
O(1)-S(1)-C(1)-C(6)
N(1)-S(1)-C(1)-C(6)
C(6)-C(1)-C(2)-C(3)
S(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(7)
C(3)-C(4)-C(5)-C(6)
C(7)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(1)
C(2)-C(1)-C(6)-C(5)
S(1)-C(1)-C(6)-C(5)
S(1)-N(1)-C(8)-C(9)
CI(1)-N(1)-C(8)-C(9)
N(1)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-F(2)
C(9)-C(10)-C(11)-F(1)
C(9)-C(10)-C(11)-C(12)
F(2)-C(11)-C(12)-F(3)
F(1)-C(11)-C(12)-F(3)
C(10)-C(11)-C(12)-F(3)

-176.8(3)
55.5(3)
-59.4(3)
-47.2(2)

-174.90(18)
70.2(2)

-152.7(3)
-19.9(4)
91.8(3)
28.0(4)
160.8(3)
-87.5(3)

1.2(6)

-178.0(3)
-0.5(6)
-0.3(6)
179.2(4)

0.3(6)
-179.2(4)
0.4(6)
-1.2(6)

178.1(3)

-144.4(3)
86.0(4)
64.9(5)
167.0(3)
53.0(5)
-63.3(4)
175.4(3)
64.5(4)
178.5(3)
-59.2(4)
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F(2)-C(11)-C(12)-F(4)
F(1)-C(11)-C(12)-F(4)
C(10)-C(11)-C(12)-F(4)
F(2)-C(11)-C(12)-C(13)
F(1)-C(11)-C(12)-C(13)
C(10)-C(11)-C(12)-C(13)
F(3)-C(12)-C(13)-F(5)
F(4)-C(12)-C(13)-F(5)
C(11)-C(12)-C(13)-F(5)
F(3)-C(12)-C(13)-F(6)
F(4)-C(12)-C(13)-F(6)
C(11)-C(12)-C(13)-F(6)
F(3)-C(12)-C(13)-C(14)
F(4)-C(12)-C(13)-C(14)
C(11)-C(12)-C(13)-C(14)
F(5)-C(13)-C(14)-F(8)
F(6)-C(13)-C(14)-F(8)
C(12)-C(13)-C(14)-F(8)
F(5)-C(13)-C(14)-F(7)
F(6)-C(13)-C(14)-F(7)
C(12)-C(13)-C(14)-F(7)
F(5)-C(13)-C(14)-C(15)
F(6)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-C(15)
F(8)-C(14)-C(15)-F(9)
F(7)-C(14)-C(15)-F(9)
C(13)-C(14)-C(15)-F(9)
F(8)-C(14)-C(15)-F(10)
F(7)-C(14)-C(15)-F(10)
C(13)-C(14)-C(15)-F(10)
F(8)-C(14)-C(15)-C(16)
F(7)-C(14)-C(15)-C(16)
C(13)-C(14)-C(15)-C(16)
F(9)-C(15)-C(16)-F(11)
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-179.8(3)
-65.8(4)
56.5(4)
-57.7(4)
56.3(4)
178.7(3)
176.1(3)
58.9(4)
-62.7(4)
-66.4(4)
176.5(3)
54.8(4)
54.8(4)
-62.4(4)
176.0(3)
179.4(3)
62.2(4)
-59.3(4)
-63.4(4)
179.4(3)
57.8(4)
58.3(4)
-58.9(4)
179.5(3)
-61.6(4)
-178.5(3)
59.6(4)
-179.5(3)
63.6(4)
-58.2(4)
59.7(4)
-57.2(4)
-179.1(3)
-174.4(3)
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F(10)-C(15)-C(16)-F(11) -57.7(4)
C(14)-C(15)-C(16)-F(11) 63.8(4)
F(9)-C(15)-C(16)-F(12) 68.0(4)
F(10)-C(15)-C(16)-F(12) -175.3(3)
C(14)-C(15)-C(16)-F(12) -53.8(4)
F(9)-C(15)-C(16)-C(17) -51.8(4)
F(10)-C(15)-C(16)-C(17) 64.9(4)
C(14)-C(15)-C(16)-C(17) -173.5(3)
F(11)-C(16)-C(17)-F(13) -175.0(3)
F(12)-C(16)-C(17)-F(13) -58.7(4)
C(15)-C(16)-C(17)-F(13) 62.2(4)
F(11)-C(16)-C(17)-F(14) 66.1(4)
F(12)-C(16)-C(17)-F(14) -177.6(3)
C(15)-C(16)-C(17)-F(14) -56.7(5)
F(11)-C(16)-C(17)-C(18) -53.3(5)
F(12)-C(16)-C(17)-C(18) 63.0(4)
C(15)-C(16)-C(17)-C(18) -176.1(3)
F(13)-C(17)-C(18)-F(15) -173.9(4)
F(14)-C(17)-C(18)-F(15) -58.4(5)
C(16)-C(17)-C(18)-F(15) 62.6(5)
F(13)-C(17)-C(18)-F(17) -51.8(5)
F(14)-C(17)-C(18)-F(17) 63.7(5)
C(16)-C(17)-C(18)-F(17) -175.3(4)
F(13)-C(17)-C(18)-F(16) 66.0(5)
F(14)-C(17)-C(18)-F(16) -178.5(4)
C(16)-C(17)-C(18)-F(16) -57.5(5)

Symmetry transformations used to generate equivalent atoms:
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Figure S4-1. *H NMR (700 MHz, CDCls) spectrum of 3.
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Figure S4-2. **C NMR (150 MHz, CDCls) spectrum of 3.
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Figure S4-3. HRMS (TOF ESI") spectrum of 3.
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Figure S4-4.'"H NMR (CDCls, 700 MHz) spectrum of 4a.
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Figure S4-5. **C NMR (CDCls, 150 MHz) spectrum of 4a.
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Figure S4-6. HRMS (TOF ESI™) spectrum of 4a.

211



McMaster University - Chemical Biology

Ph.D. Thesis - James P. K. Dzandzi

ppm

8GE 00— = —L0°6

GGG T— -

o
|

LSC”
€ee”
vee”
0ve”
e’
eve”
Sve”
0§€”
(410
8EL”
vL”
0SL”
eSL”
ToL”
€9L"
L08"
818"
veg”
9€8°
Sv8”
Lv8"
€98°
vL8”
196"
296 °
L6 "
€L6"
v0°
¢S0°
€VS°
896"
cLS”

1

20" T
wwo.a
—%0°1T
O NEO'T

\¢0" T

00°¥%

A
i

L

Q0 00 00 G0 00 M~ [~ [~ [~ M~ [~ [~ [~ D~ S 0 0 D s

212

Figure S4-7. *H NMR (700 MHz, CDCls) spectrum of 5.
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Figure S4-8. **C NMR (150 MHz, CDCls) spectrum of 5.
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Figure S4-9. HRMS (TOF ESI") spectrum of 5.
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Figure S4-10. *H NMR (700 MHz, CDsCN) spectrum 7a.
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Figure S4-13. HRMS (TOF ESI") spectrum of 7a.
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Figure S4-15. Expansion of *H NMR spectrum (700 MHz, CD3CN) showing
aromatic protons corresponding to isomers 7a and 8a 12 hours after ligation.
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Figure S4-17. °C NMR (150 MHz, CDsCN) spectrum of isomeric mixture 7a and

8a 12 hours after ligation.
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Figure S4-18.*H NMR (700 MHz, CDsCN) spectrum of isomeric mixture 7a and

8a 2 hours after ligation.
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Figure S4-19. Expansion of *H NMR (700 MHz, CDsCN) spectrum showing
aromatic protons corresponding to isomers 7a and 8a 2 hours after ligation.
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Figure S4-20. Expansion of *H NMR (700 MHz, CDsCN) spectrum showing
aliphatic protons corresponding to isomers 7a and 8a 2 hours after ligation.
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Figure S4-21. *C NMR (150 MHz, CDsCN) spectrum of isomeric mixture 7a and
8a 2 hours after ligation.
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Figure S4-22. HRMS (TOF ESI™) spectrum of a mixture 7a and 8a.
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Figure S4-23.*H NMR (700 MHz, CDsCN) spectrum of 9a.
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Figure S4-24. Expansion of *H NMR (700 MHz, CDsCN) spectrum showing
aromatic protons corresponding to 9a.
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Figure S4-25. Expansion of *H NMR (700 MHz, CDsCN) spectrum showing
aliphatic protons corresponding to 9a.
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Figure S4-26. °C NMR (150 MHz, CDsCN) spectrum of 9a.
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Figure S4-27. Expansion of the aromatic region in the *C NMR (150 MHz,
CD3CN) spectrum of 9a.
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Figure S4-28. Expansion of the aliphatic region in the *C NMR (150 MHz,
CD3CN) spectrum of 9a.
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Figure S4-29. HRMS (TOF ESI") spectrum of 9a.
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Figure S4-30. UV-HPLC chromatogram of 11 showing an R; = 13.1 min (method
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Figure S4-31. UV-HPLC chromatogram of 12 showing an R; = 7.2 min (method

D).
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Figure S4-32. A) UV-HPLC chromatogram of insulin-TCO 12, R; = 11.2 min
(method D). B) y-HPLC chromatogram of the reaction mixture of 4b and insulin-
TCO spiked with non-radioactive iodotetrazine. C) UV-HPLC chromatogram of
the same spiked reaction mixture (as in D).
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Figure S4-33. HRMS (TOF ESI") spectrum of 12.
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Figure S4-34. Competition binding curve for native insulin and 13.
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Figure S4-35. Kinetic Data for Reaction of 4a with TCO-OH.
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Figure S4-36. Radioactive iTLC analysis of 4b before (a) and after (b) incubation
with TCO-anti-VEGFR2 for 20 min.
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Figure S4-37. Western blot analysis of SDS-Page gel electrophoresed lysates from
VEGFR2(+)H520 and control VEGFR2(-) A431 cells. For positive control (Blot
a), rabbit anti-VEGFR2 primary antibody was followed by goat anti-rabbit
secondary antibody and visualized using chemiluminescence. Test sample blots
were incubated with '#I-labelled anti-VEGFR2 construct (Blot b). As negative
control, compound 4b alone was incubated with electrophoresed cellular lysates
(Blot c).
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Figure S4-38. In vivo biodistribution of **I-labelled anti-VEGFR? antibody in
female C57BI/6 mice. Mice were injected with 0.17 MBq of **I-labelled anti-
VEGFR2 and sacrificed at 24h, 48h and 72h post-injection. Data expressed as
%ID/g. (For values, see Table of data, Table S4-1).
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Table S4-1: Distribution of radioactivity for injected **I-labelled anti-VEGFR2 in

female C57BI/6 mice.

Organs 24h 48h 72h
Blood 043 = 0.05 031 + 0.05 0.17 + 0.01
Adipose 0.06 + 0.01 0.04 + 0.01 0.03 £ 0.01
Adrenals 028 + 0.11 0.14 + 0.03 0.10 + 0.02
Bone 011 + 0.01 0.08 + 0.02 0.07 + 0.01
Brain 0.01 + 0.001 0.01 + 0.001 0.004 + 0.001
Eyes 0.23 + 0.03 0.16 = 0.02 012 + 0.01
Gall Bladder 477 + 246 1.79 = 0.75 0.27 = 0.05
Heart 0.13 + 0.02 0.08 + 0.01 0.05 + 0.01
Kidneys 0.64 = 0.06 0.36 + 0.08 024 + 0.01
Lg Intestine +
Caecum 474 + 199 044 + 0.15 0.17 = 0.02
Liver 1.15 = 0.29 0.76 + 0.22 048 = 0.06
Lungs 042 + 0.09 0.24 + 0.05 015 + 0.01
Pancreas 0.06 = 0.01 0.04 + 0.01 0.02 + 0.001
Skeletal Muscle 0.05 + 0.01 0.02 + 0.005 0.02 + 0.003
Sm Intestine 1.20 + 042 0.15 + 0.04 0.05 + 0.001
Spleen 1.12 + 0.96 1.07 = 0.58 0.67 + 0.18
Stomach 1.72 = 0.61 0.13 + 0.03 0.06 + 0.01
Thyroid/Trachea 5.03 + 0.38 15.84 + 6.60 988 + 594
Urine + Bladder 125 + 048 029 + 0.06 0.12 + 0.03
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Table S4-2. Crystal data for 4a.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

JD4

Ci2H7INs

362.14 g/mol

173(2) K

0.71073 A

0.029 x 0.099 x 0.297 mm
clear purple plate
Monoclinic
P121/m1
a=6.5050(13) A
b=125.321(5) A
c=7.8405(16) A
1234.8(4) A°

4

1.948 g/cm’
2.588 mm’'

696

a=90°

¥ =90°
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Table S4-3. Data collection and structure refinement for 4a.

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F

A/Omax

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

1.61 to 27.49°

-8<h<8, -32<k<32, -10<I<10
13693

2824 [R(int) = 0.0346]

99.9%

numerical

0.9751 and 0.7134

direct methods

SHELXT (Sheldrick 2014)
Full-matrix least-squares on F*
SHELXL-2014/6 (Sheldrick, 2014)
T w(F, - F2)?

2824/0/172

1.033

0.001

2306 data; _ .
1>26(1) R1=0.0355, wR2 =0.0816
all data R1=0.0479, wR2 = 0.0854

w=1/[6*(F,")+(0.0371P)*+3.7453P]
where P=(F02+2Fc2)/3

1.864 and -0.924 eA™

0.119 eA™
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Table S4-4. Atomic coordinates and equivalent isotropic atomic
displacement parameters (A?) for 4a.

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

x/a y/b z/c U(eq)

I 0.23725(5) 0.23880(2) 0.77114(4) 0.02912(11)
N1  0.6125(6) 0.34366(14) 0.5490(5) 0.0267(8)
N2 0.7571(6) 0.42303(15) 0.3787(5) 0.0298(8)
N3 0.4241(5) 0.46763(14) 0.3296(5) 0.0247(8)
N4 0.4927(6) 0.50659(13) 0.2494(5) 0.0245(8)
N5  0.8282(6) 0.46254(15) 0.3009(5) 0.0309(8)
N6  0.6333(5) 0.58399(14) 0.0668(5) 0.0232(7)
Cl  0.5376(7) 0.30465(17) 0.6301(6) 0.0271(9)
C2  0.3287(7) 0.30265(16) 0.6409(5) 0.0221(8)
C3  0.1861(6) 0.34243(16) 0.5650(5) 0.0218(8)
C4  0.2611(7) 0.38367(16) 0.4822(5) 0.0223(8)
C5  0.4735(6) 0.38294(15) 0.4771(5) 0.0191(8)
C6  0.5568(6) 0.42646(16) 0.3909(5) 0.0208(8)
C7  0.6946(6) 0.50291(16) 0.2360(5) 0.0200(8)
C8  0.7772(7) 0.54673(16) 0.1487(5) 0.0213(8)
C9  0.9931(7) 0.54822(16) 0.1566(5) 0.0225(8)
C10 0.0659(7) 0.59050(17) 0.0765(6) 0.0284(9)
CI1 0.9234(8) 0.62996(19) 0.9917(6) 0.0315(10)
C12 0.7093(7) 0.62408(17) 0.9924(6) 0.0278(9)
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Table S4-5. Bond lengths (A) for 4a.

11-C2 2.089(4)  NI-Cl 1.341(5)
NI-C5  1351(5)  N2-N5 1.324(5)
N2-C6  1337(5)  N3-N4 1.316(5)
N3-C6  1349(5)  N4-C7 1.351(5)
N5-C7  1341(6) N6-C12  1.336(5)
N6-C8  1352(5)  Cl1-C2 1.387(6)
CI-HI 095 C2-C3 1.381(6)
C3-C4  1391(6)  C3-H2 0.95

C4-C5  1394(6)  C4-H3 0.95

C5-C6  1476(5)  C7-C8 1.485(6)
C8-C9  1.388(6)  C9-Cl10  1.393(6)

C9-H4 095 C10-C11  1.392(6)
Cl10-H5  0.95 Cl1-C12  1.402(7)
Cl1-H6  0.95 CI2-H7 095
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Table S4-6. Bond angles (°) for 4a.

CI1-N1-C5 116.6(3) N5-N2-C6 117.6(4)
N4-N3-C6 118.6(3) N3-N4-C7 117.3(3)
N2-N5-C7 118.4(4) CI2-N6-C8  116.4(4)
NI1-C1-C2 123.7(4) N1-C1-H1 118.2
C2-C1-H1 118.2 C3-C2C1 119.6(4)
C3-C2-11 121.6(3) C1-C2-11 118.8(3)
C2-C3-C4 117.7(4) C2-C3-H2 121.1
C4-C3-H2 121.1 C3-C4-C5 119.3(4)
C3-C4-H3 120.3 C5-C4-H3 120.3
N1-C5-C4 123.1(4) N1-C5-C6 116.8(3)
C4-C5-C6 120.2(3) N2-C6-N3 124.1(4)
N2-C6-C5 118.7(4) N3-C6-CS5 117.2(3)
N5-C7-N4 124.0(4) N5-C7-C8 117.6(4)
N4-C7-C8 118.4(4) N6-C8-C9 123.6(4)
N6-C8-C7 116.6(4) C9-C8-C7 119.8(4)
C8-C9-C10 118.3(4) C8-C9-H4 120.9
C10-C9-H4 120.9 C11-C10-C9  120.0(4)
Cl1-C10-H5  120.0 C9-C10-H5 120.0
Cl10-C11-C12  116.4(4) Cl10-C11-H6  121.8
CI2-Cl11-H6 1218 N6-C12-C11  125.3(4)
N6-C12-H7 117.4 ClI-CI12-H7 1174
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Table S4-7. Torsion angles (°) for 4a.

C6-N3-N4-C7 -0.9(6) C6-N2-N5-C7 -1.3(6)
C5-N1-C1-C2 0.8(6) N1-C1-C2-C3 0.1(7)
N1-C1-C2-11 179.7(3) C1-C2-C3-C4 -0.9(6)
11-C2-C3-C4 179.5(3) C2-C3-C4-C5 0.8(6)
C1-N1-C5-C4 -0.9(6) C1-N1-C5-C6 178.8(4)
C3-C4-C5-N1 0.1(6) C3-C4-C5-C6 -179.6(4)
N5-N2-C6-N3 -0.3(7) N5-N2-C6-C5 180.0(4)
N4-N3-C6-N2 1.4(6) N4-N3-C6-C5 -178.9(4)
N1-C5-C6-N2 4.2(6) C4-C5-C6-N2 -176.0(4)
N1-C5-C6-N3 -175.5(4) C4-C5-C6-N3 4.2(6)
N2-N5-C7-N4 1.9(7) N2-N5-C7-C8 -179.8(4)
N3-N4-C7-N5 -0.7(6) N3-N4-C7-C8 -179.1(4)
C12-N6-C8-C9 -0.6(6) C12-N6-C8-C7 178.3(4)
N5-C7-C8-N6 172.8(4) N4-C7-C8-N6 -8.8(5)
N5-C7-C8-C9 -8.2(6) N4-C7-C8-C9 170.2(4)
N6-C8-C9-C10 0.3(6) C7-C8-C9-C10 -178.6(4)
C8-C9-C10-C11 0.2(6) C9-C10-C11-C12  -0.2(6)
C8-N6-C12-C11 0.6(6) C10-C11-C12-N6  -0.2(7)
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Table S4-8. Anisotropic atomic displacement parameters (A?) for 4a.

McMaster University - Chemical Biology

The anisotropic atomic displacement factor exponent takes the form:
2n[h?a”? Uy +..+2hka b Up ]

I1

NI
N2
N3
N4
N5
N6
Cl
C2
C3
C4
G5
C6
C7
C8
C9

Un Un Uss Uz U3 Un
0.03137(17) 0.02386(16) 0.03042(16) 0.00556(12) 0.00637(11) -0.00497(13)
0.0206(18) 0.0257(19) 0.033(2)  0.0060(15) 0.0073(16) 0.0052(15)
0.0207(18) 0.026(2)  0.0432)  0.0144(17) 0.0112(17) 0.0078(15)
0.0179(17) 0.0223(18) 0.034(2)  0.0034(15) 0.0079(15) 0.0035(14)
0.0209(18) 0.0205(18) 0.034(2)  0.0040(15) 0.0102(16) 0.0039(14)
0.0213(18) 0.028(2)  0.0442)  0.0149(17) 0.0117(16) 0.0066(16)
0.0216(17) 0.0217(18) 0.0235(17) -0.0008(14) 0.0025(14) 0.0033(14)
0.026(2) 0.0242) 0.0302)  0.0060(18) 0.0057(18) 0.0061(18)
0.028(2) 0.0192) 0.0199(19) -0.0002(15) 0.0074(16) -0.0018(17)
0.0202) 0.023(2)  0.0213(19) -0.0021(16) 0.0047(16) -0.0005(16)
0.023(2)  0.0192) 0.0242)  0.0000(16) 0.0042(17) 0.0021(16)
0.020(2)  0.0163(18) 0.0188(18) -0.0009(15) 0.0016(16) 0.0027(15)
0.0212)  0.0202)  0.0205(19) 0.0007(15) 0.0040(16) 0.0026(16)
0.018(2)  0.0197(19) 0.021(2)  -0.0012(15) 0.0038(17) 0.0033(15)
0.023(2)  0.0192) 0.021(2)  -0.0011(15) 0.0069(17) 0.0007(16)
0.0212)  0.0202) 0.026(2)  0.0014(16) 0.0064(17) 0.0035(16)

C10 0.02822) 0.0282) 0.032(2)  -0.0018(18) 0.0125(19) -0.0037(18)
CI1 0.0343) 0.036(3) 0.021(2)  -0.0063(19) 0.0043(19) 0.003(2)
C12 0.0342)  0.023(2) 0.0242)  0.0038(17) 0.0054(19) 0.0034(18)

249



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

Table S4-9. Hydrogen atomic coordinates and isotropic atomic displacement
parameters (A?) for 4a.

x/a y/b z/c U(eq)
HI  0.6329 0.2768 0.6831 0.033
H2 0.0416 0.3417 0.5692 0.026
H3 0.1685 04120 0.4297 0.027
H4 1.0887 0.5211 0.2152 0.027
H5 1.2128 0.5924  0.0797 0.034
H6 09688  0.6593  -0.0636 0.038
H7 0.6103 0.6508 -0.0648 0.033
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APPENDIX 3

Supporting Information for Chapter 5

Heptadecafluorooctylbenzene (3)
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Figure S5-1. *H NMR (600 MHz, CDCls) spectrum of 3, with expanded aromatic
region (inset).
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Fi%ure S5-2. *C NMR (150 MHz, CDCls) spectrum of 3, showing multiplets due
to “Jcr and 3Jce coupling (inset), and between 106-119 ppm due to C-F coupling
in (CF2)7CF3.
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Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 10.0 PPM / DBE: min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%
Monoisotopic Mass, Odd and Even Electron lons
15 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
JD9-20141222 23-Dec-2014
JFY3-25049 54 (0.900) Cm (54:65-159:171x1.100) TOF MS El+
. 127.0346 9.92e4
A -
P ~ C.
g
D&

| 43,9930

| 496.0113

i 849734 1280391 _ . 2520326 394 9876 42;’;1?5%'04 497.0202 L0 e 6219114 677.0176729.8339

0 . : miz

50 100 180 200 250 300 350 400 450 500 550 600 650 700 7S50
Minimum:
Max imum: 5.0 10.0
Mass Calc. Mass mDa FEM DBE Score Formula
496.0113  496.0120 -0.7 -1.4 1.0 1 c14 H5 F17

Figure S5-3. HRMS (TOF MS ESI*) of 3.

253



Ph.D. Thesis - James P. K. Dzandzi McMaster University - Chemical Biology

3-Heptadecafluorooctylbenzenesulfonyl chloride (4)
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Figure S5-4. *H NMR (600 MHz, CDCls) spectrum of 4, with expanded aromatic
region (inset).
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Figure S5-5. **C NMR (150 MHz, CDCls) spectrum of 4, showing multiplets due
to “Jcr at 131.3 ppm (inset).
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons
711 formula(e) evaluated with 8 results within limits (up to 50 closest results for each mass)

JD9-20141027 28-Oct-2014
JFV3- 373 (6.217) Cm (369:378-550:560x1.050) TOF MS El+
. 574.9407 3.43e3
100 |
f:‘e/ :O':C(-- =
[
%- | Gz
Ll 593.9375
5739505 || | [577.0207 [ 595.9362
0936 569.9851 A 5623118 5860969 9931760 |~ | 5960145 B06.9744 505 9168 612.6848
0 T T T T v T t T T T T T T T T
" 5650 670.0 5750 5800 585.0 590.0 595.0 600.0 605.0 610.0

Minimum: -1.5
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mba PPM DBE Score Formula
593.9375  593.9371 0.4 0.6 3.0 4 Cl4 H7 O Flé s2 C1

593.9382 -0.7 -1.3 9.0 7 C17 O F18 §

593.9383 -0.8 -1.3 =1.0 3 Cll H8 02 F17 s2 Cl

593,9361 1.4 2.4 0.0 1 Cl1 HS5 03 F18 § Cl

593. 9360 1.5 2.5 7.0 5 Cl7 H6 F15 82 Cl

593.9394 =1.9 =3.2 5.0 6 Cl4 H ©02 Fi19% s

593.9349 2.6 4.4 4.0 2 Cl4 H4 02 F17 § Cl

593.9401 -2.6 -4.4 3.0 8 Cls H8 O F15 (13

Figure S5-6. HRMS (TOF MS ESIY) of 4.
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Figure S5-7. FTIR (KBr) spectrum of 4.
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N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-3-

(heptadecafluorooctyl)benzenesulfonamide (6)
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Figure S5-8. 'H NMR (600 MHz, Acetone-ds) spectrum of 6, with expanded
aromatic region (inset).
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Figure S5-9. **C NMR (150 MHz, Acetone-dg) spectrum of 6, showing multiplets
due to *Jcr at 130.2 and 28.6 ppm (insets).
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Elemental Composition Report

Single Mass Analysis

Tolerance =5.0 PPM / DBE: min = -1.5, max = 300.0

Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons

495 formula(e) evaluated with 22 results within limits (up to 50 closest results for each mass)

Minimum: -15

Maximum: 50 50 300.0

Mass Calc. Mass mDa PPM DBE Score Formula

1053.0317 1053.0316 0.1 01 05 18 C25 H12 F39
1053.0316 0.1 0.1 8.0 15 C28 H10 N3 F35
1053.0311 0.6 0.5 25 1 C: 5
1053.0323 06 05 -15 6 C22 H16 N2 O3 F35 S
1053.0324 07 07 95 14 C30 H15 N2 O3 F30 S
1053.0327 -1.0 -1.0 40 13 C25 H11 N3 O F36
1053.0329 -1.2 12 75 19 C30 H12 O F35
1053.0300 17 16 6.5 7 C28 H14 N2 O F33 S
1053.0339 22 21 00 2 C22 H12 N3 02 F37
1053.0340 23 22 110 20 C30 H11 N3 02 F32
1053.0341 -24 -23 35 10 C27 H13 02 F36
1053.0289 28 27 35 1 C25 H12 N2 O3 F35
1053.0287 30 29 05 4 C23 H14 N2 F37 S
1053.0350 -33 -31 30 2 C25 H14 N3 F35 S
1053.0352 -35 -33 6.5 8 C30 HI5 F34 S
1053.0352 -35 -33 70 9 C27 H12 N3 03 F33
1053.0352 -35 33 -05 16 C24 H14 O3 F37
1053.0278 39 37 75 12 C28 H11 N2 O2 F34
1053.0361 44 42 -1.0 5 C22 H15 N3 O F36 S
1053.0363 46 43 10.0 17 C30 H14 N3 O F31 S
1053.0363 46 44 25 3 C27 H16 O F35 S
1053.0265 52 50 05 21 C23 H11 N2 O F38

Figure S5-10. HRMS (TOF MS ESI*) of 6.
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Figure S5-11. FTIR (KBr) spectrum of 6.
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N-Chloro-N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)-3-

heptadecafluorooctylbenzenesulfonamide (7)
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Figure S5-12. *H NMR (600 MHz, C
aromatic region (inset).
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Figure S5-13. *C NMR (150 MHz, CDCls) spectrum of 7, showing multiplets
due to 2Jcr (inset), showing multiplets due to *Jcr at 130.8 and 27.8 ppm (insets).
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Elemental Composition Report

Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 300.0

Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons

86 formula(e) evaluated with 11 results within limits (up to 50 closest results for each mass)

Minimum: -1.5

Maximum: 5.0 5.0 300.0

Mass Calc. Mass mDa PPM DBE Score Formula

1086.9946 1086.9944 0.2 0.2 1.5 1 C25 H17 N2 O CI S2 F33
1086.9935 11 1.0 9.5 9 C30 H14 N2 O3 CI § F30
1086.9933 13 1.2 456 1" C22 H15 N2 O3 CI S F35
1086.9968 22 21 45 7 C27 H18 N2 03 ClI S2 F30
1086.9922 24 2.2 25 4 C. 2ClSF
1086.9973 27 25 100 10 C30 H13 N3 O CI S F31
1086.9910 36 33 6.5 6 C28 H13 N2 O CI S F33
1086.9984 -38 35 60 2 C27 H14 N3 02 CI S F32
1086.9906 40 37 1.0 3 C25 H18 N O3 CI 82 F32
1086.9996 60 -46 20 5 C24 H156 N3 O3 CI S F33
1086.9894 5.2 48 5.0 8 C28 H17 N 02 ClI S2 F31

Figure S5-14. HRMS (TOF MS ESI*) of 7.
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Figure S5-15. FTIR (KBr) spectrum of 7.
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