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ABSTRACT

: %I‘he development of a SPECT (single photonz emission computed tomography)
carbohydrate analogue for FDG (2-deoxy-2-[18F]ﬂuoro-D-glucose), used in PET
(positron emission tomography), is of great interest in the scientiﬁc community. The
great utility of FDG suggests that other radiolabelled carbohydrates may be medicinally
useful compounds. PET is expensive and not readily available, due to the inherent short
half-lives and cyclotron production of the positron emitters. SPECT allows for the use of
common radionuclides such as *™Tc, which is the most widely used radioisotope in
nuclear medicine because of its near ideal imaging properties. This work describes the

synthesis and characterization of a carbohydrate-appended OH

tridentate ligand (HL2) designed for the [M(CO)]" (M = Hﬁmw
Te, Re) core. This core is synthetically useful because it is | o ),N: _
small, robust, and will afford a neutral complex with the 4 N\/@
monoprotic HL2 ligand. The complexation to produce the é/ o
corresponding complexes M(L2)(CO); (M = Tc, Re) was '

also undertaken, and Re(1.2)(CO); was characterized via 'H HL2

and 13 C NMR spectroscopy, IR spectroscopy, mass spectrometry, and elemental analysis.
Kit preparation of the precursor [99mTc(CO)3(H20)3]+ species for radiotracer ‘studies is
well documented, and the cation can be prepared in high yield with excellent
radiochemical purity. Labelling studies to produce **™Tc(L2)(CO); indicated high

radiolabelling yields, as determined by HPLC methods. Challenge experiments with

aqueous solutions of cysteine and histidine indicate strong tridentate binding of HL2 to

the metal centres.
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CHAPTER 1: INTRODUCTION

1.1 Bioinorganic and medicinal inorganic chemistry

Bioinorganic chemistry concerns the involvement of metal ions in biological
systems; it is the hybrid of biology and inorganic chemistry. Medicinal inorganic
chemistry is the branch of bioinorganic chemistry involving the application of inorganic
chemistry to the diagnosis and therapy of disease." The periodic table contains many
metals with varied properties. As such, different metals can be invoked in medicinal
inorganic chemistry depending on the properties and characteristics that are required of a
potential diagnostic or therapeutic agent. Furthermore, such metals can be radioactive or
non-radioactive, and the corresponding complexes can be tuned depending on the
particular nature of the. metal ion. For example, MRI (magnetic resonance imaging)
utilizes the trication of Gd, which is chosen for this particular technique because of its
Llniqué fnagnetic properties (i.e. Gd** has 7 unpaired electrons).? In barticular, nuclear
medicine employs radioactive metals for diagnosis and therapy. For example, PMTC (t
=6h, E, = 141 keV) can be used for SPECT (single photon emission computed
tbmography), and **Ga (B", tiz = 1.1 h, E, = 511 keV) can be used for PET (positron
emission tomography). Thus, chemists are given the opportunity to design drugs to target

particular organs or tissues.

1.2 Carbohydrates and transport
~ Carbohydrates are the principal energy source of the body’s organs, tissues, and

cells, such as the brain> The breakdown of carbohydrates into glucose 1 and other

monosaccharides (e.g. galactose 2, mannose 3, and glucosamine 4, and fructose 5)




(Figure 1-1, showing D-sugars) occurs extracellularly.3 Because cell membranes and the
blood-brain-barrier (BBB) are essentially impermeable to monosaccharides, specialized
transporters (collectively called glucose transporters or GLUTS) are present to enable

13 In particular, studies have indicated that extracellular

their passage into the cel
glucosamine transport is maintained by GLUT2,% but is also regulated by GLUT!I and

GLUT4, for transport intracellularly across the BBB.’

Q 0 -0
HmOH HQ&OH HO OH
OH OH
1, glucose 2, galactose 3, mannose
OH OHOH
o HOH,C 0.
o | g
NH, H CH,0H
OH
4, glucosamine 5, fructose

Figure 1-1. Some naturally occurring D-monosaccharides

1.3  Inorganic Drugs

Inorganic drugs are drugs that contain inorganic elements such as a metal ion.
Inorganic drugs are comprised of two types: diagnostic drugs and therapeutic drugs." 8
There have been several review articles that describe metallodrugs,” and some examples
are shown in Figure 1-2. Diagnostic drugs can include radiopharmaceuticals, such as
Cardiolite® (**™Tc-Sestamibi) 6 for SPECT heart imaging in cardiac patients, MRI
contrast agents, such as [Gd(DTPA)(H,0)]> (DTPA = diethylenetriaminepentaacetate)

(Magnevist®? 7, and metal-based X-ray contrast agents, for instance BaSO,."°

Examples of therapeutic drugs include radiopharmaceuticals, such as Quadramet®




(l53Sm-EDTMP)10 (EDTMP = ethylenediaminetetramethylenephosphonate) for palliative
treatment of bone pain and Zevalin® (*°Y-ibritumomab tiuxetan) for non-Hodgkin's
lymphoma, and metal-containing drugs,'® such as Auranofin 8 for arthritis and Cisplatin 9

for cancer treatments.
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6, Cardiolite® 7, Magnevist®
OAc
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8, Auranofin 9, Cisplatin

Figure 1-2. Some inorganic drugs used in medicine

Essentially, diagnostic drugs are designed to determine what is wrong with (or
within) a patient. Therapeutic drugs, on the other hand, are designed to travel to a target
organ or tissue and either treat the diseased area or bind to the harmful material and aid in
its removal from the body. Such compounds include radiopharmaceuticals that can
deliver in vivo radiation therapy (relevant radionuclide processes include o or § decay),"’
chemotherapeutics, and chelating agents.” The group 7 transition metals, fc for
diagnosis and Re for therapy, have been the focus of much research in recent years and

form a template onto which potentially useful radiopharmaceuticals in our group are

12-15

being built.




1.4  Nuclear medicine and radiopharmaceuticals

In medicine, a modality is a utherapeutic method or agent, such as surgery or
chemotherépy, which involves the physical tréatment ofa .disorder.. Nuélear medicine is
a functional imaging modality, and as such, involves targeting molecules with
radiopharmaceuticals for the diagnosis and treatment (therapy) of disease.” & !
Radiopharmaceuticals are radionuclide containing drugs, which are routinely used in the

nuclear medicine department of a hospital."" ® These provide relatively non-invasive

procedures (one sees the result of their actions via an external detector) and insights into

either the biochemical or metabolic processes present within an OH
' 0]
individual. Two diagnostic radiopharmaceuticals are FDG (2- Hao&NOH
18
F

deoxy-2-[18F]-D-glucose) 10 for PET brain imaging in Alzheimer
énd Parkinson patients, and Cardiolite® 6, for SPECT evaluation 10, FDG

of coronary blood flow. FDG is the only U.S. FDA (United States Food and Drug
Administration) approved PET imaging agent, whereas Cardiolite® is ah example of a
commerciaﬂy available SPECT imaging agent.

Furthermore, radiopharmaceuticals are radioactive compounds which, when
administered for purposes of diagnosis and therapy, typically do not elicit any
physiological or pharmacological response from the patient.® These compounds are
administered in low concentrations, almost exclusively by intravenous injection, but can
also be introduced by inhalation or ingestion, depending on the chemical nature of the

radiopharmaceutical. Information about the physiological process of interest is obtained

through imaging by emission tomography. All radionuclides commonly administered to

patients in a nuclear medicine department are artificially produced by, or isolated from,




cyclotrons, nuclear reactors, or radionuclide generators. Using external imaging devices,
one can follow the decay of radioactive tracers in vivo and their fate due to the
physiological response of the body as the biodistribution of a radionuclide is dependent
on its uptake and delivery to the intended target.'' Most often, a ligand is designed to
bring the radioactive isotope directly to the diagnostic or therapeutic site. Ideally,
radiopharmaceuticals should have a low radiation dose, a high activity, a minimum
hazard risk to pati‘ent and technician, a convenient synthesis and administration, and be

cost-effective.

1.5  Radioactive decay in nuclear medicine

In general, radioactive decay is the spontaneous decay of certain nuclei,
accompanied by emission of a particle and/or a photon. It is the emission of a particle
that can be potentially harnessed in therapeutic radiopharmaceuticals and the emission of
a photon that can be utilized in .diagnostic radiopharmaceuticals. Therapeutic
radiopharmaceuticals are designed to destroy harmful tissue.  Generally, these
combounds contain radionuclides that decay by either a- or B-emission. Alpha decay is
the emission of an a-particle (or He nucleus) consisting of two protons and two neutrons.
Beta decay is the emission of a high»energy electron from the nucleus. Diagnostic
radiopharmaceuticals contain radionuclides that decay by either gamma (y) or positron
(B") emission. In the former case, the parent is in an excited state that does not
isotopically change when converted to the daughter nucleus. The decay process is
accompanied by the emission of a photon. In the latter case, a proton from the parent

nucleus is converted into a neutron by emission of a positron, forming the daughter

nucleus. Compounds incorporating gamma- or positron-emitting radionuclides are




desigﬁed to determine the natﬁre of a disease (i.e. a symptor;l or distinguishing feature)
that serves as supporting evidence during an examination of a patient. ‘While providing a
| non-invasive means of assessing the physiology énd morphology of organs and tissues,
these compounds are thus important in the diagnosis of disease and provide an additional
means of monitoring and assessing the use and progress of treatment strategies. There
are two general techniques available for producing diagnostic images in nuclear
medicine: PET, which utilizes positron-emitting radionuclides, and SPECT, which
utilizes gamma-emitting radionuclides. In both techniques, the distribution of the
fadiotracer over time during subsequent uptake by the target organ is imaged by emission

tomography and used to obtain information about the physiological process of interest.

1.6  Diagnosis in nuclear medicine via PET and SPECT

As discussed above, PET and SPECT are in vivo diagnostic iméging methods that
differ in their choice of radioisotope. Each technique detects radiation and produces a
diagnostic image. Without highly invasive surgical procedures, these imaging methods
are able to address anatomical structure, metabolic function, and offer tomographic data
by_following the time course of the radioactive tracer in vivo. The sensitivity and
sophistication of the imaging machines allows for the planar (two-dimensional) or
tomographic (three-dimensional) distribution of radioactivity to be inferred from outside
the body. This is in contrast to an X-ray scan, which transmits an external source of
radiation through the patient to create a planar view of the inside of the body. As will be
discussed, even though similar principles exist to create and produce the images, the

differences between PET and SPECT originate in their choice of radioisotope, and the

utility of each technique is inherently limited by this fact.




SPECT is a tomographic method used for imaging local metabolic and
physiological functions in tissues. It differs from PET because it is only able to detect a
single gamma photon from each nuclear disintegration and thus, generates a lower-
quality image. SPECT utilizes routinely available y-emitting radionuclides, resulting in
its widespread use in ﬁﬁclear medicine. Exampleé include *'Ga (tm =78.3 h, E, = 296,
185, 93 keV), ™T¢ (tip = 6.0 h, E, = 141 keV), and ""'In (t;, = 67.9 h, E, = 245, 172
keV).'® The subsequent decay of an excited state to a ground state is accompanied by the
emission of a photoh (v), which is detected by the SPECT camera. SPECT is sufficiently
sensitive for routine uses in nearly all the same applications as PET, despite the inherent
lowered sensitivity resulting from the emission of a single photon. In addition, the cost
of a SPECT scan is considerably less than that of a PET scan, the infrastructure for
SPECT scans already exists in most major hospital nuclear medicine facilities, and
certain SPECT radioisotopes (e.g. **™Tc) can be generator-produced.

PET is similar to SPECT because it can obtain a picture of the metabolic function
of the body. The biochemical activity within the body is imaged through the detection of
gamma 'rays that are.emitted when introduced radionuclides decay and release positrons.
The interaction of the positron with an electron creates an annihilation event, whereby the
conversion of matter to energy results in two 511 keV y-rays oriented 180° apart.
Incorporation of such radioisotopes into radiopharmaceuticals and th;air functional utility
is limited by their short half-lives. Examples of some biologically relevant PET
radioisotopes are ''C (ti; = 20 min), "*N (t;» = 10 min), '*O (ti2 = 2 min), and ®F (1), =

110 min). One advantage of such short-lived radioisotopes is the low radiation dose for

the patient from a relatively large dose of radiopharmaceutical, which results in higher




quality images. Despite excellent resolution and sensitivity, this technique lacks
practicality and does not allow technicians to handle large volumes of patient cases due to
the fact that a nearby cyclotron is required to produce the short-lived radioisotopes.
Furthermore, unlike SPECT, which images the site of y-emission, PET images the site of
B*-annihilation. Compoﬁnding this lack of availability for patients is the cost of a PET
scan (in the thousands of dollars) and the fact that this cost is not usually covered by the

Canadian medical system.

1.7 FDG as a template for a SPECT radiopharmaceutical

FDG 10 is widely used as a PET imaging agent.'” '® It is able to cross the BBB
through active transport where it is phosphorylated by hexokinase;> however,
metabolism | stops because the phosphorylated FDG is unable to undergo further
modification and the compound builds up in the cell."® Compensating for the half-life of
'8F procedures now exist to synthesize FDG in as little as 30 minutes, optimizing the

activity available.'” Tt is this success of FDG as a PET imaging agent that has suggested

that radiolabelled carbohydrates may be OH OH
useful in developing an FDG-apalog for Ha(/)&SNOH Hﬂm oH
. ", F NH
SPECT  applications. In  addition, A 2
10, FDG 4, glucosamine

commercial considerations also include
radionuclide availability and ease of preparation of the radionuclide (i.e. generator
produced); it is the SPECT radioisotope *™T¢ (t;» = 6.0 h, E,= 141 keV) that can satisfy
the radionuclide requirements (i.e. reas;onable half-life, sufficient energy, ease of

preparation). FDG can serve as a template when designing a potential

radiopharmaceutical candidate based on glucosamine 4, i.e. the induced functionality




occurs at the C2 site. Furthermore, the amine moiety in glucosamine can be
functiqnalized with an amine or an amide bond. The developnﬁent of a SPECT analogue
for PET-FDG (i.e. a compound with similar activity and specificity) would be extremely
practical and useful, and would be a major breakthrough in developing a new area of
SPECT radiopharmaceuticals.' In addition, Re, a congener of Tc, may be used as a dual
diagnostic/therapeutic agent since the two Re isotopes ('**Re and '®*Re) each have both

gamma and beta decays.

1.8 Technetium and rhenium
Technetium is the most widely used element in nuclear medicine, almost

exclusively as the radioisotope *°™Tc;2°

over 85% of all diagnostic nuclear medicine
scans use *™T¢ in some chemical form.2! All radioisotopes of technetium are radioactive
and they all have a low radiation burden and high efficiency detection. Hence, it is
possible to inject at least 20 mCi with low radiation exposure to the patient.?2 *™Tc¢ (t,5,
= 6.0 h; E, = 141 keV) is an ‘excellent candidate for diaghostic and imaging purposes
because it has a near ideal half-life, a sufficient y-ray energy, and is generator-produced
Mo/ T¢ generator).® Such a radioisotope is sufficiently long-lived to allow chemical
modification to occur before too much decay has occurred. Thus, ™Tc is relatively
inexpensive, convenient, and widely available.?! *™Tc is produced from a ®Mo/*™T¢
generator, which is the most prominent generator in nuclear medicine. However, the
short-half life of *™Tc makes it impractical to store it even on a weekly basis. This

problem of supply is overcome by obtaining the parent Mo (ti2 = 67 h) and eluting and

collecting the continuous production of *™T¢ from a radionuclide generator. This allows

nuclear medicine departments the practicality of obtaining short-lived radionuclides




without having to b¢ in close prqximity to a cyclotrpn. Th¢ parent molybdenum-99
radionuclide, obtained as the molybdate anion [99M0~O4]_, can | be packaged and
transported in generator-form to a nuclear medicine department. The #™T¢ is obtained as
the peﬁechnetate anion, [99mTcO4]_, off the generator column (alumina) in aqueous
solutioﬁ after elution with 0.9% saline. Any chemistry performed must manipulate
[®™TcO4]” in this aqueous form and reduce *™Tc(VII) to a more manageable oxidation
state. For example, by reducing [99mTcO4]‘ using NaBH,4 under a CO atmosphere, the
Tc(I) complex cation [*™Te(CO)3(H,0)s]" is formed.?

Rhenium is the third row analogue of technetium and occurs naturally as a
mixture of two non-radioactive isotopes, I85Re (37.4%) and '¥'Re (62.6%). Rhenium has
the potential to be both a diagnostic and a therapeutic agent. Its two radioisotopes, '*°Re
(tiz =90 h, Eg = 1.07 MeV, E,= 137 keV) and '**Re (tip = 17 h, Eg = 2.1 MeV, E, = 155
keV), both have a primary B-emission and a secondary y-decay which could be harnessed
for therapy and diagnosis, respectively.”** Each radioisotope has an appropriate half-life,
a high energy of B-particle emission, and an ideal energy of y-photon emission decay.
'8Re can be produced by neutron capture on '*’Re or through the use of a '3W/'®Re
generator. '**Re can only be produced by irradiating '**Re with neutron.s. Despite the
radioisotopic characteristics, it is the generator production of '®Re that makes it more
appealing than neutron capture reactions. In addition, since Tc and Re are in the same
period, it is expected that Tc and Re will have similar chemical properties and react
similarly with the same ligands.>* The major disadvantage to the production of '*Re and

'*¥Re by neutron radiation is the inevitable contamination with the non-radioactive '®*Re

and '*'Re isotopes, respectively.?*




19  [M(CO)3(H;0)]" (M = Te, Re) core

The development of the [M(CO)3(H,0)3]" (M = Tc, Re) core has'opened up a new
area of potential radiopharmaceutical candidates, and several reviews exist on the use of
such an organometallic core.® 2**® The advantages of this compound are that it is stable,
kineticélly inert (fqr fdc-[Tc(CO)3]+), and of small size. Pioneered by Alberto,” %

[P Te(CO)3(H0)3]" 11 is synthesized from [P™TcO4]” under atmospheric pressure in

30, 31

the presence of saline via a kit formulation (Isolink®, Malinckrodt, Inc.) shown in

Scheme 1-1. This simple preparation involves a boranocarbonate complex which acts as

. a dual functioning CO-source and reducing agent.?’ This is nice synthetically because it
g g ag y y

only takes a few hours to make the complex and effectively label the ligand system.?3°

H,0 substitutionally
labile
M —

OH,
K[H3BCOOH]‘ HyOr99m| wOH,
H A OC/TT\CO
Co
11, " Te(CO)a(H Ol

%F__J
CO substitutionally
inert

Scheme 1-1. Preparation of [*°™Tc¢(CO)3(H,0)3]" 11 via the Isolink® kit

The core has Tc(I) in a low spin d® electron configuration, CO ligands which are
inert to substitution, ‘and H,O ligands which are labile to substitution (CO, being a
stronger m—acceptor, is able to labilize the H,O ligand trans to it) by amines (e.g.
heterocyclic, aromatic, and aliphatic amines), carboxylates, carbonyls, and alcohols (e.g.

phenols). In developing ligand systems, one hopes to functionalize via a closed

11




coordination sphere.’® Such functionalization (Figure 1-3) can occur via monodentate
(imidazole, 12), bidentate (2-picolylamine-N-acetic acid, 13), or tridentate ligands

(histidine, 14).”

HN/\§ |
b= N e
HZO//, '\|/| """ \\\OHZ H20//,,,“_J/|l_‘_‘\\\0
oc”” | Nco oc”” ‘ co
co co
12 13 14

Figure 1-3. Functionalization of [M(CO);]" (M = Tc, Re) with various ligand types

As seen in Figure 1-3, a monodentate ligand replaces one H,O ligand, this is useful when
studying a [2+1] mixed ligand concept, where a monodentate ligand can be used to trap a
bidentate co-ligand complex that can represent the variable portion of a radiolabeled
biomolecule.*> Bidentate ligands result in an open coordination site, which can be
occupied by a solvent molecule (i.e. H;O or MeOH), a halide (i.e. CI” or Br), or a
~monodentate ligand. As a result, such complexes show aggregation with plasma proteins
in vitro and in vivo, and therefore are retained in the blood and kidneys.33 +34 Bidentate
complexes also are not very stable to challenge experiments»with cysteine and histidine;
the amino acid readily displaces the bidentate ligand from the core and inevitably results
in complex decomposition.' Tridentate ligands, on the other hand, create a closed
coordination environment around the tricarbonyl core. The resulting complexes (Figure
1-4) can be neutral (fdr example, with a monoanionic ligand picolylaminediacetic acid,

15),” anionic (for example, with a dianionic ligand iminodiacetic acid, 16),” or cationic

(for example, with a neutral ligand N-(pyridine-2-ylmethyl)ethane-1,2-diamine, 17).%
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Figure 1-4. Examples of neutral, anionic, and cationic (M = Tc, Re) fricarbonyl
complexes

The fac-[*™Tc(CO)s]* moiety is quite versatile, forming thermodynamically

stable complexes with tridentate ligand systems, especially those incorporating histidine,

cysteine, polyamines, and pyridine.?” 3  Various tridentate systems have been
. . . . . 1 37, 38 . . 38, 39
investigated, among those aromatic, thioether/thiol, and thiosemicarbazones.

40, 41

Further tridentate systems include a maleimide group for binding to thiol groups,
cationic amine ligands,* S-functionalized cysteine,” and a carborane complex.* Such
tridentate complexes have their donor ligands occupying all three available coordination
sites, resulting in closed shell 18-electron complexes that are stable to hydrolysis and are
formed very efficiently and effectively.*®

As can 'be seen in Figure 1-4, all three of the tridentate ligands have a secondary
or tertiary N atom that acts as a neutral donor (in 15, the tertiary N is functiénalized with
an acetic acid residue). Such a ligand is calied a bifunctional chelating agent (BFCA)
because the secondary or tertiary N can be further functionalized and attached to a
biomolecule (i.e. amino acid or carbohydrate), while chelating the radioactive isotope.

The facile preparation of a BFCA with a pendent amino or carboxylic acid functionality

for coupling via an amide bond has been demonstrated recently.** The testing of




potential BFCAs with bidentate and tridentate ligand systems has resulted in better
pharmacokinetic profiles for biologically relevant tride,ntéte ‘ligands.7

When amino acids are the biological moleculé, such systems are referred to as
single amino acid chelates (SAAC).:45’ % The fac-[99mTc(CO)3]+ moiety has a strong

affinity for histidine residues in proteins and peptides.?® *’

As a result, compounds
containing histidine or histidine-functionalized ligands have been synthesized, and
challenge experiments against this ubiquitous amino acid are undertaken to determine
thermodynamic stability. For example, histidine can be incorporated into BFCAs*" #
and synthetic peptides with high specific activities;* histidine-functionalized ligands
include a vitamin Bj;-conjugate containing an N-functionalized histidine.>® The
labeling of small peptides by solid-phase synthetic methods has also been explored with
the incorporation of pyridyl, imidazole, and/or carboxylate groups into derivatized or
synthetic amino acid analogues.*® *" ** One example involves combining fluorescence
and radioimaging into one bifunctional tridentate ligand,> while a recent example
includes inéorporating amino acid chelators into monosaccharide-containing
compounds.™® Some ™Tc complexes have been made that are either ionic or have quite
high molecular wveights, which are a disadyantage in living systems.”> °® This can be
avoided by introducing simple N,O donor ligands; such systems with the fac-[M(CO);]"
(M = Tec, Re) core can possess intermediate lipophilicity,18 which is an advantage in
living systems.

The fac-[Re(CO)3(H,0)3]Br precursor can be prepared in almost quantitative

yield by refluxing [Re(CO)s]Br in H,O for 24 h.”’ 188Re‘ may soon be more available, as

the preparation of the ['%Re(CO)3(H20)3]+ in kit form from aqueous media has recently




been presented.*® This precursor cation has been used in conjunction with bis-imidazole
and bis-acid ligands forming complexes in high yield; these ligands could show
versatility and length of spacer adaptability to various biomolecules®® and the complexes

may target small peptides and eventually expand to the “0Tc radioconjugates.”

1.10  Thesis focus and design

This project began in our group with the idea to develop .glucose-containing
bifunctional chelators for the [M(CO)3(H,0)3]" core (M = Tc, Re).> ?® The concept was
to develop a ligand with a pendant carbohydrate as a targeting molecule, an amino acid as

a linker, and a tridentate scaffold as a chelator (Figure 1-5).

pendant

glucosamine \ OH

pyridyl
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tridentate — amlde
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CO
\ monoprotic
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Figure 1-5. Ligand design incorporated in this thesis (M = Tc, Re)

For the pendant carbohydrate, glucosamine 4 was chosen. As in FDG 10, glucosamine
has its functionality at C2; in this case, the OH group is replaced by an NH,. This is
important synthetically because not only can glucosamine act as a vector to deliver a
potential target radionuclide, but the C-2 amine group can be functionalized with an

amine or an amide bond and act as a linkage site. Furthermore, in support for the

15




metabolism of glucosamine, evidence in the literature suggests that glucose transporters
and hexokinase are active towérds N-functionalized glucosamines.* 7 This is essential
if such a compound is to be a successful biomedical candidate. The carbohydrate is kept
pendant by a glycine spacer (that could be extended with various methylene chains) that
is modifiable in length. The tértiaty -nitrbgen of the glycine spacer can be further
functionalized wi_th various aromatic arms (e. g. pyridine, histidine) and monoprotic arms
(e.g. phenol, acetic acid) to create a tridentate Binding site for the tricarbonyl core, thus
creating a bifunctional chelate. The aromatic arm could be installed using a reductive
amination®® and involves a heterocyclic amine donor, which has shown high affinity for
Tc-99m in its +1 oxidation state. The final tridentate binding site would be monoprotic
carboxylate group _(Via an N-alkylation)®” ® or a phenolate group (via reductive
amination)® to create an overall neutral complex when bound to the metal centre. Other
tridentate pendant carbohydrate ligands have been synthesized and investigated,
including functionalization of glucose at C3 (with imidazole, pyridine, and carboxylic
acid via an ether linkage)®® and in virro studies against GLUT1 and hexokinase of
functionalized glucose via ether linkages at C1, C2, C3, and C6 with various chelating
systems.®*

The ligand progression (Figure 1-6) and investigation of carbohydrate-appended
metal complexes in our lab began with the synthesis of a bidentate Schiff base compound
via a condensation of glucosamine with salicylaldehyde 19."* Such a ligand has been

investigated for **™Tc(V).5% 6 Unfortunately, the imine 19 and its resulting complex

were unstable to hydrolysis, making such a ligand unsuitable for aqueous chemistry.'?

The hydrolysis problem was circumvented by reducing the imine to the more




hydrolytically robust amine phenol 20. The goal was to make a bidentate complex;
however, >’C NMR spectroscopy showed that the amino N, phenolato O, and the C3
hydroxyl O groups bound the metal in a tridentate fashion. Despite the tridentate
binding, the complex was unstable to challenge experiments (cysteine and histidine),
implying that a more directed approach to an actual tridentate ligand was needed; i.e. the
carbohydrate moiety needed to remain pendant and the ligand structure required

modification to ensure a tridentate binding motif.

OH
: OH
0 e} HO
HO HO
NI NH

o) = |
N
HO HO Z> N
19 20 21

Figure 1-6. Pro-ligand progression for this project in our lab

.‘ Recent investigationsy 1n our lab have shown that a pend:anﬁtle glucosamine-tridentate
ligand (L = 2,2'-picolylamine) 21 bound with an amide bond to the amino group of
glucosamine is much more stable to challenge experiments.'® This is despite the fact that
the overall metal complex is cationic. This is supported by the synthesis and
investigation of three glucose-appended 2,2-picolylamine tridentate ligands."”” The
bidentate vs. tridentate stability issue is also seen with a series of bidentate carbohydrate-

appended ligands that showed decomposition in the presence of excess cysteine and

histidine, while the tridentate ligands showed excellent stability.'*




In this thesis project, the synthesis of a glucosamine-appended tridentate pro-

ligand (HL2), a Re complex (Re(L2)(CO)3), and a *™Tc complex (*™Tc(L1)(CO)s) were

accomplished (Figure 1-7).
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Figure 1-7. Pro-ligands and complexes made and investigated in this thesis project

The synthesis of HL2 was investigated by two different routes, route 1 (Scheme
1-2) and route 2 (Scheme 1-3). Route 1 involved making the tridentate binding group

first and then making an amide bond to the glucosamine moiety. Difficulties arising from

hydrolysis resulted in an unsuccessful synthesis and led to the investigation of route 2.
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Scheme 1-2. Synthesis of HL2 via route 1 a) ethyl bromoacetate or bromoacetonitrile,
NayCOs, solvent: CH;Cl,; b) HCl or NaOH or TFA; ¢) EDC.HCI, HOBt.H,0, DMAP

Route 2 involved making 1,3,4,6-tetra-O-acetyl-B-D-glucosamine 22 and dibenzylglycine

6768 reacting them together to create the spacer

23 from literature procedures (vide infra),
arm, and then systematically functionalizing the deprotected tertiary amine group to
create a tridentate scaffold. This synthesis produced the desired pro- anN/\COOH
ligand HL2 and the rhenium complex Re(L.2)(CO); in moderate yields. 23

Furthermore, pro-ligand HL1, which has been synthesized previously,” was used to

synthesize the Re complex (Re(L2)(CO)s3) to investigate binding interactions. Both *™T¢

complexes (*™Tc¢(L1)(CO); and 99mTc(LZ)(CO)3) were synthesized to investigate

potential in vitro utility.
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CHAPTER 2: EXPERIMENTAL

21 General
Except where noted otherwise, all reactions and manipulations were carried out at
room temperature in reaction flasks that were flushed with Ar before use. All solvents
were used as received from Aldrich or Sigma, except dry dichloromethane, which was
refluxed over CaH; and then distilled under Ar. All compounds were reagent grade, and
used as received from Sigma, Aldrich, or Fluka. N,N-Dibenzylglycine®’ and 1,3,4,6-

tetra-O-acetyl-p-D-glucosamine. HCI®®

were synthesized according to literature
procedures with a few modifications to the syntheses (these will be discussed in Chapter
3). 2-(((2-Pyridylmethyl)amino)methyl)phenol®® (HL1) was synthesized according to
literature procedures. All NMR (nuclear magnetic resonance) spectra were acquired in
deuterated solvents (purchased from Cambridge Isotope Labs) at room temperature in the
UBC Chemistry NMR facility on a Bruker Avance 300 spectrometer (300 MHz), a
Bruker Avance 400 spectrometer (400 MHz and 100 MHz), or a Bruker Avance 600
spectrometer (600 MHz). Infrared spectra were recorded on a Nicolet 4700 FT-IR
(Fourier transform infrared) spectrophotometer in transmission mode as KBr discs
between 400 and 4000 cm™ at a resolution of #4 cm™. LR-MS and HR-MS (lqw and
high resolution mass spectrometry, respectively) were obtained using ESIMS
(electrospray ionization mass spectrometry) and APCI (atmospheric pressure chemical
ionization), and EA (elemental analysis) were all done in the departmental facilities.

Plates used for TLC (thin layer chromatography) (0.2 mm silica gel 60 F»s4 on alumina)

and silica gel used for column chromatography (230-400 mesh) were purchased from

Silicycle (Montreal, PQ). [Re(CO)3;(H,0);]Br was made from Re(CO)sBr (Strem)




according to literature procedures.’

TLC spots were visualized under a UVG-54
Mineralight® short-wave UV lamp (A = 254 nm). Carbohydrate-containing compounds

were visualized as charring spots using TLC plates that were developed in a 5:95 sulfuric

acid:ethanol mixture using a heat gun.
2.2 Compounds for synthesis of HL2 via route 1 (Scheme 3-1, page 38)

Ethyl 2-(N-(2-hydroxybenzyl)-N-((pyridin-2-yl)methyl)amino)acetate, 32. HL1 (500
mg, 2.4 mmol) was dissolved in 30 mL. CH,Cl,, Na,COs3 (750 mg, 7.1 mmol) was added,
and the mixture cooled in an ice-water bath. Ethyl bromoacetate

OH (260 pL, 2.4 mmol) was added slowly over 5 minutes. The

A Y
| N |\ solution was stirred under an Ar purge (~1 bubble per second
Z CO,Et : '
32 through an oil bubbler) for 48 h after alloWing warming to room

temperature. The reaction mixture was filtered and the filtrate was reduced to an oily
residue. The residue was purified via silica gel column chromatography (dissolve in
minimal amount of CH,Cl, and then elute with EtOAc) to give a yellow oil 32 (550 mg,
78% yield). Ry= 0.54 (EtOAc). 'H NMR (DMSO-ds, 300 MHz, 25°C, §): 10.01 (s, 1H),
8.51(d,/J=4.8 Hz, 1H), 7.79 (td,J= 7.5 and 1.7 Hz, 1H), 7.41 (d, /= 7.9 Hz, 1H), 7.29
(m, 1H), 7.11 (m, 2H), 6.77 (m, 2H), 4.09 (g, J = 7.1 Hz, 2H), 3.92 (s, 2H), 3.79 (s, 2H),
3.37 (s, 2H), 1.18 (t, J= 7.1 Hz, 3H). LR-MS (ES+): m/z 301 (MH", 100%), 323 (MNa",

45%).

2-(N-(2-Hydroxybenzyl)-N-((pyridin-2-yl)methyl)amino)acetonitrile, 33. HL1 (1.5 g,
7.1 mmol) was dissolved in 50 mL CH,Cl,, Na,CO; (4.5 g, 42 mmol) was added, and the

mixture cooled in an ice-water bath. Bromoacetonitrile (500 pL, 7.1 mmol) was added

22




slowly over 5 minutes. The solution was stirred under an Ar purge (~1 bubble per second
through an oil bubbler) for 48 h after allowing warming to room

OH temperature. The compound was purified via silica gel column
AN .
Nk chromatography (5%MeOH:CH,Cl,) to give a red oil 33 (1.3 g,

~-N CN
33 70% yield). R;= 0.63 (10%MeOH:CH,Cl,). 'H NMR (DMSO-

ds, 300 MHz, 25°C, 8): 9.84 (br s, 1H), 8.53 (d, J = 0.90 Hz, 1H), 7.81 (td, J = 5.9 and
1.5 Hz, 1H), 7.46 (d, J = 5.9 Hz, 1H), 7.32 (m, 1H), 7.21 (dd, J = 5.7 and 1.3 Hz, 1H),
7.12 (td, J = 5.7 and 1.3 Hz, 1H), 6.82 (dd, J = 6.1 and 0.7 Hz, 1H), 6.78 (dd, J= 5.5 and
0.8 Hz, 1H), 3.87 (s, 2H), 3.69 (s, 2H), 3.64 (s, 2H). LR-MS (ES+): m/z 254 (MH",

100%), 276 (MNa", 75%).

2-(N-(2-Hydroxybenzyl)-N-((pyridin-2-yl)methyl)ammine)tricarbonylrhenium(l),
Re(L1)(CO);. HL1 (24 mg, 0.11 mmol) was dissolved in 1 mL EtOH. NaOEt (39 mg,
5.1 mmol) was added and the suspension stirred for lh at room temperature.

H [Re(CO);(H,0);3]Br (50 mg, 0.12 mmol) was added and the
= N
@r‘ :i: reaction mixture stirred overnight at reflux.  Following
™~
R
oc” |

O
e/
\CO consumption of the starting material by TLC (silica gel,

CO

5%MeOH:CH,Cl;) and mass spectrometry, the solvent was
Re(L1)(CO);

removed under reduced pressure yielding a white solid. The solid was purified via silica
gel chromatography (5%MeOH:CH,Cl, eluent) to yield a white solid Re(LL1)(CO); (33
mg, 60% yield). R;=0.45 (10%MeOH:CH,Cl,). 'H NMR (MeOH-d,, 400 MHz, 25°C,
5): 8.63 (d, J = 5.3 Hz, 1H), 7.60 (td, J = 7.8 and 1.5 Hz, 1H), 7.15 (t, J = 6.6 Hz, 1H),
7.07 (d, J=7.8 Hz, 1H), 7.00 (bs, 1H), 6.82 (dd, /= 7.4 and 1.4 Hz, 1H), 6.75 (td,J=7.8

and 1.6 Hz, 1H), 6.34 (td, J = 7.3 and 0.92 Hz, 1H), 6.20 (d, J = 8.0 Hz, 1H), 4.35 (m,

23




2H), 4.03 (dd, J = 11.9 and 2.0 Hz, 1H), 3.73 (dd, J = 11.9 and 3.6 Hz, 1H). *C NMR
(MeOH-d,, 100.63 MHz, 25°C,-8): 199.2, 198.9, 197.0, 163.4, 162.5, 153.1, 140.3,
131.4, 131.0, 125.4, 124.9, 122.6, 120.7, 117.6, 60.4, 54.5. IR (KBr) Vmax (cm™): 2203
(s), 1909 (s), 1887 (s), 1610 (w), 1458 (m), 759 (m), 647 (w), 630 (w), 530 (w) cm™. LR-
MS (AP+): m/z 483 (M'®ReH", 50%), 485 (M'*’ReH", 100%). HR-MS (ES+ of MH"):
‘caled for CiHi4N,O4'Re  485.0511, found 485.0509.  Anal. Caled. for

CisHizsN20O4Re. H,O: C, 38.32; H, 3.01; N, 5.59. Found: C, 37.87; H, 2.85; N, 5.61.
23 Compounds for synthesis of HL2 via route 2 (Scheme 3-3, page 42)

2-((Bis(phenylmethyl)amino)acetamido)-2-deoxy-1,3,4,6-tetra-0-acetyl-f-D-
glucopyranose, 24. N,N-Dibenzylglycine (5.00 g, 0.0196 mol) was dissolved in hot
DMF (125 mL). The resulting clear colourless solution was cooled in an ice bath.

EDC.HCI (N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride) (4.14 g,

OAG 0.0216 mol), HOBt.H,O (1-hydroxybenzotriazole hydrate)
ACOM 292 g, 0.0216  mol), and DMAP (4-
AcO N OAc
71\  dimethylaminopyridine) (0.239 g, 0.00196 mol) were
O

mixture was stirred at 0°C for 30 minutes and to this

ENJ@ added sequentially to the DMF solution. The reaction

" solution was added 1,3,4,6-tetra-O-acetyl-p-D-glucosamine
(6.81 g, 0.0196 mol). The ice-bath was removed and the clear colourless solution was

stirred overnight for 18 h after warming to room temperature. Following consumption of

the starting material as monitored by TLC (silica-5%MeOH:CH,Cl,), the solvent was

removed under reduced pressure, leaving behind a pale white solid. The solid was




dissolved in 125 mL CH,Cl, aﬁd 125 mL saturated aqueous Na,COj3 solution was added.
The mixture was partitioned in a 500 mL separatory funnel and the aqueous layer was
removed. The organic layer was washed with 1M HCI (125 mL) and then washed with
brine (125 mL). The organic layer was removed from the separatory funnel, dried over
anhydrous MgSOQ,, and filtered through a glass frit. The filtrate was reduced to dryness
under reduced pressure. The solid was purified via column éhromatography (silica-
5%MeOH:CH,Cl,) to isolate a white solid 24 (9.25 g, 80% yield). Ry = 0.56 (5%
MeOH:CH,Cl,). 'H NMR (DMSO-dy, 400 MHz, 25°C, §): 7.97 (d, J = 9.6 Hz, 1H),
7.29 (m, 10H), 5.99 (d, J = 8.4 Hz, 1H), 5.50 (t, J= 9.6 Hz, 1H), 4.91 (t, J = 10.0 Hz,
1H), 4.21 (dd, J = 12.4, 4.4 Hz, 1H), 4.04 (m, 3H), 3.53 (s, 4H), 2.93 (d, J = 16.0 Hz,
1H), 2.83 (d, J= 15.6 Hz, 1H) , 2.00 (d, J = 12.8 Hz, 6H), 1.80 (d, J= 14.0 Hz, 6H). *C
NMR (DMSO-ds, 100 MHz, 25°C, §): 170.2, 170.0, 169.4, 169.3, 168.6, 137.7, 128.8,
128.2, 127.1, 91.7, 72.0, 71.5, 68.3, 61.5, 57.2, 55.8, 51.7, 20.5, 20.4, 20.3, 20.2. IR
(KBr) Vinax (cm™): 1742 (s), 1663 (m), 1514 (m), 1371 (w), 1261 (m), 1225 (s), 1079 (m),
1039 (m), 740 (w). LR-MS (ES+): m/z 607 (MNa’“', 100%), 585 (MH", 20%). HR-MS
(ES+ of MNa"): caled for C3H3z6N20;¢Na 607.2268,. found 607.2267. Anal. Calcd. for

C30H36N2010: C, 61.63; H, 6.21; N, 4.79. Found: C, 61.90; H, 6.59; N, 5.11.

2-(((N—tert-Butoxycarboﬁyl)amino)acetamid;))-Z-deoxy-1,3,4,6-tetra-0-acetyl-B-D-I

glucopyranose, 25. BOC-Gly-OH (1.01 g, 5.77 mmol) was dissolved in 30 mL CH,Cl,
and the solution cooled in an ice-water bath. To this solution, DCC
(dicyclohexylcarbodiimide) (1.31 g, 6.35 mmol), HOBt (1-hydroxybenzotriazole) (0.858
g, 6.35 mmol) and DMAP (0.070 g, 0.58 mmol) were added sequentially and the

resulting solution stirred for 18 h after warming to room temperature. The suspension
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was filtered to remove dicyclohexylurea, and 1,3,4,6-tetra-O-acetyl-B-D-

OAC glucosamine. HCI (2.21 g, 5.77 mmol) and triethylamine

ACO% (0.89 mL, 6.4 mmol) were added. The solution was
AcO OAc

_ N stirred for an additional 18 h. The solvent was removed
- 0 ‘ . o
HN\H/OC(CH3)3 under reduced pressure and the residue was purified via
© silica gel column chromatography with
25 '

lO%EtOAc:MeOH as eluent to yield a white solid 25 (1.89 g, 65% yield). R, = 0.60
(IO%EtOAc:MeOH). 'H NMR (CDCls, 300 MHz, 25°C, 8): 6.82 (brd, J= 8.3 Hz, 1H),
5.73 (d,J = 8.7 Hz, 1H), 5.36 (br s, 1H), 5.24 (t, /= 9.3 Hz, 1H), 5.05 (t, /= 9.7 Hz, 1H),
| 4.21 (dd, J = 12.5 and 4.7 Hz, 2H), 4.05 (dd, J = 12.5 and 2.1 Hz, 1H), 3.83 (Br dd, J =
6.5 and 2.0 Hz, 1H), 3.62 (d, J = 5.8 Hz, 2H), 2.00 (m, 12H), 1.36 (s, 9H). LR-MS

(ES+): m/z 505 (MH", 100%), 527 (MNa*, 30%).

2-(((N-9-Fluorenylmethoxycarbonyl)amino)acetamido)-2-deoxy-1,3,4,6-tetra-O-
~ acetyl--D-glucopyranose, 26. FMOC-Gly-OH (301 mg, 1.01 mmol) was dissolved in 6

mL DMF and 6 mL CH,Cl, and the resulting solution was cooled in an ice-water bath.

OAc To this solution, DCC (229 mg, 1.11 mmol) and
ACO% | HOBt (150 mg, 1.11 mmol) were added sequentially.
. AcO N OAc

: )\ The reaction mixture was stirred for 2.5 h at which
0]

HN\H/O .O time 1,3,4,6-tetra-O-acetyl-p-D-glucosamine (351
O

O mg, 1.01 mmol) was added and the reaction mixture

26 was stirred for 16 h total. The reaction mixture was

filtered to remove dicyclohexylurea, the solvent was removed under reduced pressure,

and the residue was purified via silica gel colurﬁn chromatography (dissolved in minimal

26




amount of CH,Cl; and eluted with EtOAc) to yield a pale white solid 26 (380 mg, 60%
yield). R;= 0.60 (EtOAc). 'H NMR (CDCls, 400 MHz, 25°C, 8): 7.74 (d, J = 7.6 Hz,
2H), 7.56 (d, J = 7.2 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.27 (m, 2H), 6.56 (br d, /= 8.8
Hz, 1H), 5.75 (d, J = 8.8, 1H), 5.50 (s, 1H), 5.21 (t, J= 9.6 Hz, 1H), 5.10 (t, J= 9.6 Hz,
1H), 4.39 (dd, J=17.6 and 10.4 Hz, 2H), 4.22 (m, 3H), 4.09 (m, 1H), 3.80 (m, 1H), 3.73
(d, J=5.6 Hz, 2H), 2.06 (s, 6H), 2.01 (s, 6H). LR-MS (ES+): m/z 627 (MH", 100%), 649

(MNa', 20%).

2-(((V-Benzyloxycarbonyl)amino)acetamido)-2-deoxy-1,3,4,6-tetra-O-acetyl-p-D-
glucopyranose, 27. CBZ-Gly-OH (2.10 g, 10.0 mmol) was dissolved in 50 mL. DMF

and the solution cooled in an ice-water bath. To this solution, DCC (2.27 g, 11.0 mmol),

OAc HOBt (1.49 g, 11.0 mmol) and DMAP (0.122 g, 1.0
ACO& mmol) were added sequentially and the resulting
AcO NTY OAc

solution stirred for 1 h. To this solution, 1,3,4,6-tetra-

0]
HN\H/OV© O-acetyl-B-D-glucosamine (3.47 g, 10.0 mmol) was
0

o7 added. The reaction mixture was stirred for an
additional 17 h at room temperature. The solvent was removed under reduced pressure
and the residue was purified via silica gel column chromatography with
5%MeOH:CH,Cl, eluent to yield a pale white solid 27 (3.23 g, 60% yield). Ry= 0.54
(5%MeOH:CH,Cl,). 'H NMR (DMSO-dj, 400 MHz, 25°C, §): 7.90 (d, J = 9.6 Hz, 1H),
7.49 (t, J= 6.0 Hz, 1H), 7.34 (m, 5SH), 5.75 (d, /= 8.8 Hz, 1H), 5.23 (t, J = 9.6 Hz, 1H),
5.01 (s, 2H), 4.88 (t, /= 10.0 Hz, 1H), 4.19 (dd, J = 12.8 and 4.8 Hz, 1H), 4.00 (m, 3H),

3.51 (d, J = 6.0 Hz, 2H), 1.92 (m, 12H). LR-MS (ES+): m/z 539 (MH', 40%), 561

(MNa", 100%).




2-(2-Aminoacetamido)-2-deoxy-1,3,4,6-tetra-O-acetyl-p-D-glucopyranosyl  acetate

28. Compound 24 (7.64 g, 0.0131 mol) was dissolved in 100 mL acetic acid. Pd(OH),/C

OAc (0.800 g, 0.0057 mmol) was added in one portion and the
Ai\%;m(:m OAC flask was capped with a rubber septum and purged with H,
o from a balloon. The mixture was kept under a positive
NHz.HOAc pressure of H, from the Hj-balloon overnight for 18 h. The

28

absence of starting material was confirmed by TLC (silica-5%MeOH:CH,Cl,) and mass
spectrometry. The suspension was filtered through a celite plug (~ lcm in a small frit)
giving a clear pale yellow solution. The solvent was removed under reduced pressure to
yield a yellow oil 28 (6.08 g, 100%). R;= 0.05 (5%MeOH:CH,Cl,). 'H NMR (DMSO-
ds, 400 MHz, 25°C, 8): 5.76 (d, J = 8.8 Hz, 1H), 5.22 (t, J = 10.0 Hz, 1H), 4.90 (t, J =
10.0 Hz, 1H), 4.19 (dd, J = 12.4 and 4.4 Hz, 1H), 4.01 (m, 3H), 3.39 (s, 2H), 2.03 (m,
12H). "*C NMR (DMSO-&°, 100 MHz, 25°C, §) 172.6, 170.2, 169.9, 169.8, 169.4,
169.0, 91.7, 72.1, 71.6, 68.2, 61.6, 52.2, 41.1, 21.5, 20.6, 20.6, 20.5, 20.4. LR-MS (AP-
): m/z 403 ((M-HOAc), 50%), 463 (M, 100%). HR-MS (ES- of M) caled for
CigHy7N,O, 463.1564, found 463.1567. Note: IR was not obtained due to
decomposition and EA was not obtained due to varying amounts of acetic acid present in

. the oily sample.

2-(((V-Pyridin-2-ylmethyl)amino)acetamido)-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucbpyranose, 29. Compound 28 (9.80 g, 0.0104 mol) was dissolved in 100 mL
dichloroethane. Na,CO3; (34.2 g, 0.323 mol) and 2-pyridinecarboxaldehyde (0.989 mL,

0.0104 mol) were added sequentially. The cloudy red solution was stirred overnight for

18 h. NaBH(OACc); (6.85 g, 0.0323 mol) was added in one portion after consumption of




the starting material was confirmed by TLC and mass speétrometry, and the reaction

OAG mixture was stirred for an additional 4 h. The white solid

Acom was removed via filtration through a glass frit. The
AcO N OAc

H
resulting clear orange solution was concentrated under

0 =
HN\/@ reduced pressure to give a yellow solid. The yellow solid
29

was dissolved in 50 mL. CH,Cl, and the solution was added
to a separatory funnel, followed by addition of 50 mL saturated aqueous Na,COs3. The
aqueous layer was removed and the organic layer was washed with brine. The organic
layer was dried over anhydrous MgSO, and reduced to a yellow solid. The solid was
purified via column chromatography (silica-5%MeOH:CH,Cl, eluent) to give a pale
yellow solid 29 (2.19 g, 43% yield). R;=0.51 (10%MeOH:CH,Cl,). 'H NMR (DMSO-
ds, 400 MHz, 25°C, 5): 8.49 (d, J= 7.8 Hz, 1H), 8.09 (d,J=9.7Hz, 1H), 7.75 (t, J=7.5
Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.25 (t, /= 5.8 Hz, 1H), 5.89 (d, /= 8.8 Hz, 1H), 5.37
(t, J=9.6 Hz, 1H), 4.90 (t, /= 9.6 Hz, 1H), 4.19 (dd, /= 12.4 and 4.4 Hz, 1H), 4.01 (m,
3H), 3.65 (s, 2H), 3.09 (s, 2H), 1.97 (m, 12H). *C NMR (DMSO-ds, 100 MHz, 25°C,
8): 171.4, 170.1, 169.7, 169.3, 168.9, 159.4, 148.8, 136.5, 122.1, 121.9, 91.9, 72.2, 71.5,
68.2, 61.5, 53.9, 51.7, 51.5, 20.6, 20.5, 204, 204. IR (KBr) Vmax (cm™): 1747 (s), 1668
(m), 1522 (m), 1371 (w), 1229 (s), 1074 (m), 1041 (m), 598 (w). LR-MS (ES+): m/z 496
(MH, 100%), 518 (MNa®, 30%). HR-MS (ES+ of MH"): calcd for CyH3oN;O40

496.1931, found 496.1930. Anal. Calcd. for CpHpoN3Ogo: C, 53.33; H, 5.90; N, 8.48.

Found: C, 53.41; H, 6.20; N, 8.65.




2-((N-(2-Hydroxybenzyl)-N-(pyridin-2-ylmethyl)amino)acetamido)-2-deoxy-1,3,4,6-
tetra-O-acetyl-B-D-glucopyranose, 30. Compound 29 (700 mg, 1.4 mmol) was
dissolved in 15 mL dichloroethane. Salicylaldehyde (470

ACQM uL, 4.4 mmol) and NaBH(OAc); (1.5 g, 7.2 mmol) were
AcO OAc

added sequentially and the reaction mixture was stirred

Z
==

N SN overnight for 20 h. Following consumption of the starting

~OH material as confirmed by TLC (silica-10%MeOH:CH,CL,)
30 and mass spectrometry, the reaction mixture was reduced
to dryness under reduced pre'ssure. The residue was dissolved in 25 mL CH,Cl, and 25
mL saturated aqueous Na;COj3 solution and 25 mL water were added and the suépension
partitioned in a separatory funnel. The aqueous layer was removed and the organic layer
was washed with brine. The organic layer was dried over anhydrous MgSQ,, filtered,
and the solvent removed under reduced pressure to give a yellow solid. The solid was
purified using column chromatography (silica-5%MeOH:CH,Cl, eluent) to give a yellow
solid 30 (0.670 g, 79% yield).  Ry= 0.74 (10%MeOH:CH,Cl,). 'H NMR (DMSO-d;, 400
MHz, 25°C, 3): 9.95 (s, 1H), 8.50 (d, J = 2.4 Hz, 2H), 7.72 (td, /= 7.8 and 1.8 Hz, 1H),
7.35(d,J=17.6 Hz, 1H), 7.27 (t, J= 6.6 Hz, 1H), 7.13 (m, 2H), 6.77 (m, 2H), 5.86 (d, J=
8.8 Hz; 1H), 5.35 (t, J= 9.6 Hz, 1H), 4.92 (t, / = 9.8 Hz, 1H), 4.21 (dd, /= 12.4 and 4.6
Hz, 1H), 4.04 (m, 3H), 3.66 (s, 2H), 3.59 (s, 2H), 3.07 (d, J = 16.6 Hz, 2H), 3.00 (d, J =
16.6 Hz, 2H), 2.01 (s, 3H), 1.98 (s, 3H), 1.92 (s, 3H), 1.83 (s, 3H). *C NMR (DMSO-d;,
100 MHz, 25°C, 6): 170.5, 170.0, 169.5, 169.3, 168.7, 158.2, 156.2, 148.8, 136.7, 130.8,

128.6, 123.1, 122.5, 122.3, 118.8, 115.4, 91.6, 72.0, 71.5, 68.1, 61.5, 58.2, 56.0, 53.7,

51.8, 20.5, 20.4, 20.4, 20.2. IR (KBr) Vmax (cm™): 3314 (m), 1754 (s), 1685 (m), 1522




(W), 1368 (m), 1221 (s), 1078 (m), 1040 (m), 760 (m) cm™. LR-MS (ES+): m/z 602
(MH', 100%), 624 (MNa®, 40%). HR-MS (ES+ of MH"): caled for CaoHisN;O1;
602.2350, found 602.2348. Anal. Calcd. for C,oH35sN301,: C, 57.90; H, 5.86; N, 6.98.

Found: C, 58.04; H, 6.28; N, 7.29.

2-((N-(2-Hydroxybenzyl)-N-(pyridin-2-ylmethyl)amino)acetamido)-2-deoxy-D-
glucopyranose, HL2. Compound 30 (670 mg, 1.11 mmol) was dissolved in 5 mL

OH MeOH. NaOMe (310 mg, 5.7 mmol) was added in one

0] _
HﬁmOH portion and the solution stirred for 2 h. Following

consumption of the starting material by TLC (silica-

20%MeOH:CH,Cl,) and mass spectrometry, the solvent

OH
i/j‘/ was removed under reduced pressure to yield a pale white

HL2 solid. The solid was purified using silica gel
chromatography with 20%MeOH:CH,Cl, as the eluent to yield a pale yellow solid HL2
(300 mg, 62% yield). R;= 0.34 (20%MeOH:CH,Cl,). 'H NMR (MeOH-d,, 400 MHz,
25°C, 8): 8.48 (m, 1H), 7.77 (m, 1H), 7.51 (m, 1H), 7.28 (m, 1H), 7.12 (m, 2H), 6.79 (m,
2H), 5.06 (d, J = 3.5 Hz, 1H-B), 4.64 (d, 8.4 Hz, 1H-a), 3.78 (m, 9H), 3.35 (m, 1H), 3.23
(s, 2H). °C NMR (MeOH-d,, 100 MHz, 25°C, 8): 174.5, 159.7, 158.0, 149.6, 139.0,
132.3, 130.3, 124.9, 124.5, 124.0, 120.5, 117.1, 97.1 (o), 92.7 (B), 73.2, 73.0, 72.6, 63.0,
60.2, 58.0, 56.7, 55.8. IR (KBr) Vi (cm™): 3386 (br, s), 1655 (s), 1597 (W), 1541 (w),

1489 (w), 1247 (m), 1104 (w), 1039 (m), 758 (s) cm™. LR-MS (ES+): m/z 434 (MH",
100%), 456 (MNa', 30%). HR-MS (ES+ of MH"): calcd for C;HygN30; 434.1927,

found 434.1925. Anal. Calcd. for Cp;H;N307.(0.6 H,0): C, 56.77; H, 6.40; N, 9.46.

Found: C, 56.52; H, 6.23; N, 9.21.




2-(((N-(2-Hydroxybenzyl)-N-(pyridin-2-ylrhethyl)amino)acetamido)-Z-deoxy-D-
glucopyranosyltricarbonylrhenium(I), Re(L2)(CO);. HL2 (40 mg, 0.092 mmol) was
dissolved in 2 mL MeOH. [Re(CO);3(H,0)5]Br (41 mg, 0.10 mmol) was added in one

portion and the reaction mixture stirred for 2h at reflux.

HOMOH Following consumption of the starting material by TLC
HO

NH (20%MeOH:CH;Cl,) and mass spectrometry, the solvent
0]
| X N/—Q was removed under reduced pressure leaving a pale orange
=N O :
\Ri_< solid. The solid was purified via silica gel column
oc” | “co o
co chromatography (20%MeOH:CH,Cl, eluent) resulting in a
Re(L2)(CO), ’

pale white solid Re(L2)(CO); (47 mg, 72% yield). R, =
0.27 (20%MeOH:CH,Cl,). 'H NMR (MeOH-d,, 400 MHz, 25°C, §): 8.85 (m, 1H), 8.07
(m, 1H), 7.70 (m, 1H), 7.53 (m, 2H), 7.35 (t, J = 8.3 Hz, 1H), 7.00 (dd, J = 8.0 and 2.8
Hz, 2H), 5.01 (m, 4H), 4.87 (d, J = 3.6 Hz, 1H), 4.62 (d, J = 9.1 Hz, 1H), 4.43 (m, 1H),
3.71 (m, 5H), 3.25 (m, 2H). "*C NMR (MeOHv-d4, 100 MHz, 25°C, 8): 197.5, 196.8,
182.3, 160.7, 158.0, 154.1, 142.5, 134.9, 132.7, 127.3, 125.4, 121.2, 119.7, 117.3, 95.8,
91.8, 73.1, 72.0, 71.9, 69.1, 68.1, 63.0, 62.6. IR (KBr) vmax (cm™): 3386 (br, m), 2032
(s), 1905 (s), 1618 (m), 1458 (w), 764 (w). LR-MS (ES+): m/z 702 (M"**ReH", 50%),
704 (M'*’ReH", 100%). HR-MS (ES+ of MH"): calcd for Cp4Hp7N3010'*'Re 704.1254,

found 704.1256.

2-(((N-tert-Butoxycarbonyl)-N-(pyridin-2-ylmethyl)amino)acetamido)-2-deoxy-

1,3,4,6-tetra-0-acetyl-B-D-glucopyranose, 31. Compound 29 (260 mg, 0.525 mmol)

was dissolved in 5 mL CH,Cl,. Nay;COs (1.4 g, 13 mmol) and fert-butyl bromoacetate




(700 pL, 1.3 mmol) were added sequentially and the reaction mixture stirred under a

slow Ar purge (~1 bubble per second through an oil

AcO m “bubbler) for 48 h. Following consumption of the starting
c
 AcO OAc

NH material by TLC (silica-10%MeOH:CH,Cl;) and mass
0 = . .
N - || spectrometry, the reaction mixture was filtered to remove a
N ,
Crozt-Bu white solid. The solvent was removed under reduced

pressure and the resulting yellow solid was purified via
silica gel column chromatography (10%MeOH:CH,Cl, eluent) to yield a pale yellow
solid 31 (220 mg, 68% yield). Ry= 0.66 (10%MeOH:CH,Cl,). 'H NMR (DMSO-ds, 400
MHz,l 25°C, 9): 8.52 (d, J = 4.0 Hz, 1H), 8.31 (d, J= 9.2 Hz, 1H), 7.74 (td, J = 7.6 and
2.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.28 (dd, J= 7.2 and 5.2 Hz, 1H), 5.90 (d, /= 8.8
Hz, 1H), 5.38 (t, J=9.6 Hz, 1H), 4.90 (t, J=10.0 Hz, 1H), 4.20 (dd, /= 12.4 and 4.4 Hz,
1H), 4.03 (m, 3H), 3.84 (s, 2H), 3.25 (s, 4H), 2.01 (s, 3H), 1.97 (s, 3H), 1.94 (s, 3H), 1.86
(s, 3H), 1.41 (s, 9H). ">C NMR (DMSO-ds, 100 MHz, 25°C, §): 170.3, 170.0, 169.8,
169.5, 169.2, 168.7, 158.1, 149.0, 136.6, 122.8, 122.4, 91.7, 80.5, 72.1, 71.5, 68.2, 61.5,
59.1, 56.7, 54.8, 51.7, 27.8, 20.5, 20.4, 20.3, 20.2. IR (KBr) Vimax (cm™): 1751 (s), 1665
(m), 1517 (m), 1369 (m), 1225 (s), 1152 (w), 1074 (m), 1040 (m). LR-MS (ES+): m/z
610 (MH", 10%), 632 (MNa", 100%). HR-MS (ES+ of MNa"): calcd for CpsH3oN30;,Na
632.2431, found 632.2432. Anal. Calcd. for CosH30N301,: C, 55.17; H, 6.45; N, 6.89.

Found: C, 55.60; H, 6.30; N, 6.90.

2.4  Preparation and characterization of ™ T¢ complexes
Following synthesis and characterization of Re(L1)(CO); and Re(L2)(CO)s, the

following procedure was used to make the corresponding *™Tc-complexes,

33




#MTe(L1)(CO); and 99mT§(Lz)(c0)3. To make the [*™Tc(CO)3(H,0)]" precursor,
Na[**™TcO4] (0.07 mL, 150 MBq) was diluted to 1 mL with saline (0.154 M NaCl,
0.9%), added to an Isolink™ kit, and the resulting reaction vial was heated to 100°C for
20 min. Following a brief cooling period, 1M HCI (~ 0.12 mL) was added to adjust the
pH to around 9-10. The ligand solutions were made as follows: a 1 mM solution of HL1
(2.4 mg, 0.010 mmol) or HL2 (4.3 .r'r{g, 0.010 mmol) in 10 mL EtOH was prepared and a
solution of NaOEt (8.8 mg, 0.13 mmol) in 10 mL EtOH was prepared. To 1 mL of
ethanolic NaOEt in a 5mL reacti(;n >V.i2A11, 1 mL of HL1 or HL2 in EtOH was added and
the resulting solutions were left for 10 minutes at room temperature. To each of these
solutions, 0.5 mL of the [*™Tc(C0);(H,0);]" solution was added, and the resulting
'solutions were heated to 70°C for 30 min. The identities of the radiolabelled complexes
were confirmed to be *™T¢(L1)(CO); and ™ T¢(L2)(CO)s, following HPLC co-injection
with the corresponding Re complexes, Re(L1)(CO); and Re(L2)(CO)s, respectively. The
HPLC apparatus used was a Knauer Wellchrom K-1001 with a K-2501 absorption
detector at A = 254 nm. A Synergi 4 um C-18 Hydro-RP analytical column (250mm x
4.6 mm) was used with HPLC solvent consisting of 0.1 % w/w TFA in water (solvent A)

and MeOH (solvent C). Corresponding HPLC traces are shown in Chapter 3 (vide infra).

2.5 Cysteine and histidine challenge experimenfs

Cysteine and histidine challenge experiments were used to test the in vitro
stability of *™Tc(L1)(CO); and *™T¢(L2)(CO).  Following synthesis of
[99"‘TC(CO)3(H20)3]+ and preparation of the_ligand solutions (vide infra), 0.1 mL of the
Isolink™ kit solution (i.e. containing either #¥MTe(L1)(CO); and *™Te(L2)(CO);) was

added to one 5 mL reaction vial (radiolabelling control), to each of three 5 mL reaction

34




vials containing 0.9 mL of 1 mM cysteine in PBS buffer (pH 7.4, cysteine challenge
experiment), and to each of three 5 mL reaction vials containing 1 mL of 1 mM histidine
in PBS buffer (pH 7.4, histidine challenge experiment). A cloudy solution developed in
each of the cysteine and histidine reaction vials. The challenge experiments were
performed at 4 and 24 h time-points at room temperature. HPLC analysis was performed
by co-injecting 5 pL of (Re(L1)(CO); or Re(LL2)(CO);) with 10 pL of *™Te(L1)(CO);
and 99mTc(L2)(CO)3, respectively. The complexes were eluted with a fixed solvent

method over 30 minutes (40%A:60%C for *"Tc(L2)(CO); 15%A:85%C for

99mTc(Ll)(CO)3). Corresponding HPLC traces are shown in Chapter 3 (vide infra).




CHAPTER 3: RESULTS AND DISCUSSION

3.1 Design and synthesis of tridentate glucosamine complexes
The design and synthesis of tridentate glucosamine complexes can be
accomplished using either linear or convergent syntheses. Previous methodology from

our laboratories utilized linear syntheses,'* "

and it was thought ‘that this would be more
efficient in designing a tunable tridentate binding unit; i.e. varying the dibenzylglycine
methylene lengths or changing the tridentate functionality. Two syntheses were
envisioned, where the first route (route 1, Scheme 3-1, page 38) would involve making
the tridentate binding unit first, followed by coupling to the glucosamine moiety, and the
second route (route 2, Scheme 3-3, page 42) would involve making the spacer arm first,
followed by further functionalization to produce the desired binding site. Investigations
into both syntheses showed th¢ second route to be the preferred method. However, the

starting material for the first route (i.e. HL1) led to the synthesis of Re(LL1)(CO); that was

used to model the binding of the ligand to the metal centre.

3.2 Retrosynthetic analysis and synthesis of HL2 (route 1)

Shown in Figure 3-1 is the retrosynthetic analysis of HL2 via route 1. This route
emphasized the synthesis of 35 via N-alkylation of HLI1, deprotection, and amide
coupling to 22. Investigations focused on the synthesis of the tridentate binding unit,
which would then lead to the attachment of the binding moiety to a glucosamine
molecule 22 via an amide bond using EDC.HCI, HOBt.H,0, and DMAP (Scheme 3-1).”"

72 Several attempts were made to synthesize the tripodal binding unit 34, consisting of a

pyridyl arm, a monoprotic phenolic arm, and a functionalized tertiary N atom. The




synthesis began with the starting material HL1 according to literature procedures.”’ This
was followed by N-alkylation with either ethyl bromoacetate to make 32 or

bromoacetonitrile to.imake 33, in the presence of excess Na,CO; in CH,Cl, to create two

tridentate precursors.”” 7’3
\\. H .
o OAc
HONS R . AcO A o
HO. “’H AcO
! NH NH,

N 22
=
O&\,’\j | —— OH
NS .
” L)
OH
N \N
OH
35
HL2

Figure 3-1. Retrosynthetic analySis of HL.2 via route 1

The first attempt to remove the ethyl ester and the cyano moieties used acid
hydrolysis. However neither 1M HCI nor concentrated HCI at room temperature and
reflux resulted in isolation of 34 as either a free acid or salt after workup; this was despite
mass spectrometry evidence of 34 as a free acid (ES+, m/z = 273 (M+1)) or salt. The
secoﬁd éttempt involved using base hydrolysis to obtain 34. Likewise, the use of 1M
NaOH or 12M NaOH (at room temperature and reflux) did not afford isolation of 34
despite evidence by mass spectrometry (ES—, m/z = 271 (M-1)). Unfortunately, no
tridentate product 34 (as a free acid or salt) was obtained with a free carboxylate arm, and

therefore, no attempts at amide coupling with 22 to make HL2 were undertaken. Such

difficulties prompted the investigation of synthesis via route 2 for HL2.
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Scheme 3-1. Synthesis of HL2 via route 1: a) ethyl bromoacetate or bromoacetonitrile,
Na,COs, solvent: CH,Cl,; b) HCl or NaOH or TFA; ¢) EDC.HCI, HOBt.H,0, DMAP
3.3  Retrosynthetic analysis of 24 and synthesis of 22 and 23

Before undertaking route 2, compound 24 first was required. This compound was
chosen over 25, 26, and 27 because the deprotection was quantitative and occurred
without any side-product formation. As indicated by retrosynthetic analysis (Figure 3-2),
the synthesis of 24 would require the synthesis of two compounds, 1,3,4,6-tetra-O-acetyl-
B-D-glucosamine 22 and dibenzylglycine 23, from literature procedures (Scheme 3-2).°”
70-72

68 These would be combined using an amide coupling reaction.

1,3,4,6-Tetra-O-acetyl-B-D-glucosamine 22 and dibenzylglycine 23 (Scheme 3-2)

were made from literature procedures with a few modifications.®” ®® For the synthesis of




| Figure 3-2. Retrosynthetic analysis of 24

1,3,4,6-tetra-O-acetyl-B-D-glucosamine 22, compound 37 was made quantitatively from
B-D-glucosamine.HC1 36 by first synthesizing the free base of 36 with aqueous NaOH
and then protecting the amine with p-anisaldehyde. Compound 38 was obtained in very
good yield following acetylation of 37 with acetic anhydride in the presence of excess
pyridine and a catalytic amount of DMF. The amine salt 39 was isolated as a gelatinous
mass following acidification of 38 with SM HCI from a hot solution of acetone. To
improve the purity and yield of 39, a few extra steps were undertaken. Upon repeated
washings with copious amounts of Et,O, stirring, and filtering, the product 39 was
obtained as a white powder. If not enough Et,O was added (it dissolves the liberated p-
anisaldehyde), then contamination with 36 and/or with p-anisaldehyde resulted (as |
detected by "H NMR spectroscopy). This inevitably led to further product contamination
with byproducts and lower yields further along in the synthesis. Free base 22 was
obtained from 39 nearly quantitatively by slurrying 39 in saturated aqueous Na,CO3 and

extraction into CH,;Cl,. In addition, 39 can be stored on the bench top with little

decomposition, whereas 22 decomposes quite readily.
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Scheme 3-2. Precursor synthesis conditions: a) p-anisaldehyde, 1M NaOH; b) Ac,0,
pyridine, DMAP; ¢) 5M HCI, acetone; d) Saturated aqueous Na,COj;, CH,Cly; e) i)
BnBr, IM NaOH ii) AcOH to ~pH 6 '

For the synthesis of dibenzylglycine 23, a basic solution of glycine 40 in water
was placed in an ice-water bath. Benzyl bromide (BnBr) was added dropwise to the cold
solution and the reaction mixture was stirred overnight (precipitation of 23 is almost
immediate). The mixture was decreased to half-volume under reduced pressure and then
acidified to pH ~6 with acetic acid (AcOH). The précipitate was collected via filtration
in very good yields. Further to the literature procedure and to increase the purity and
yield, a slurry of 23 in 1:1 EtOH:H,0 was heated to reflux and stirring continued for a

few minutes. Compound 23 was obtained as white powder, without any acetic acid

impurity (as evidenced by '"H NMR spectroscopy), following filtration and air drying. It

can also be stored on the bench top with little decomposition.




3.4  Retrosynthetic analysis and synthesis of HL2 (route 2)

The retrosynthetic analysis of HL2 via route 2 is shown in Figure 3-3. Such a
synthesis (vide infra) would require deprotection of the tertiary amine of 24 and
subsequent functionalization with 2-pyridinecarboxaldehyde (2-pca) and salicylaldehyde

(sal); this would be followed by removal of the acetyl groups with NaOMe and MeOH.

WH OAc
o™ o
\ 0 AcO
HO mo_‘, AcO OAc
HO! >H NH
N 24
O =
| —> NBn,
\"\N;'l \N = |
OH CHO  OHC™ N
OH 2-pca
HL2 sal

Figure 3-3. Retrosynthetic analysis of HL2 via route 2

The synthesis of HL2 (Scheme 3-3) began after the synthesis of compound 24,
itself formed from coupling of 22 and 23 using EDC.HCI, HOBt.H,0, and DMAP in
DMF.”*? THF was used initially as the solvent for the amide coupling reaction but
higher yields were obtained using DMF and the addition of a small amount of DMAP
improved the reaction in DMF slightly. This was followed by hydrogenolysis using
Pearlman’s catalyst (Pd(OH), on C)74’ 7 in acetic acid, and isolation of 28 as the acetate
salt.  The pyridyl arm was installed via a Schiff base condensation reaction with 2-

pyridine- carboxaldehyde in the presence of Na,COs. This was followed by reduction of

the imine in situ with excess NaBH(OAc); to make compound 29.%° Installation of the




- monoprotic phenolic arm via a reductive amination with salicylaldehyde in the presence
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Scheme 3-3. Synthesis of HL2 via route 2: a) 23, EDC.HCI, HOBt.H,0, DMAP,
solvent: DMF; b) Pd(OH),/C, H, gas, solvent: AcOH, 18 h; c¢) i) 2-pca, Na,COs;,
solvent: dichloroethane, 18 h ii) NaBH(OAc);, 4 h; d) sal, NaBH(OAc),, solvent:
dichloroethane, 20 h; €) NaOMe, MeOH, 2 h




NaBH(OAc); resulted in compound 30.°° The desired compound HL2 was finally

obtained following removal of the acetyl groups with NaOMe in MeOH.”®

3.5 Synthesis and characterization of Re complexes

HL1 and HL2 have the same tridéntate binding unit. It was thought that HL1
could serve as a model complex for the binding of the tridentate unit and would result in
‘simpler’ 'H and *C NMR spectra due to the lack of carbohydrate proton and carbon
resonances. This would allow the modeling of the binding site without extraneous
signals, and, hopefully, help fully assign the 'H and '>C NMR spectra of HL2 and
Re(L2)(CO)s. The synthesis of Re-complexes Re(L1)(CO); and Re(L2)(CO); is shown

in Scheme 3-4, and these complexes were used to investigate the binding mode of the

ligands.
11
107 12
2 = 13
R. & N a) NaOEt, EtOH, 1h, rt
\N -
s_8/7 b) [Re(C0)3(H,0)3]Br, A, 24 h
4 - OH
3 2

Scheme 3-4. Preparation of Re complexes

HL1 was dissolved in EtOH, NaOEt was added, and the reaction stirred for 1 h at
room temperature. [Re(CO)3(H,0)3]1Br was added and the resulting solution stirred

overnight at reflux for 24 h. HL2 was dissolved in EtOH, [Re(CO)3;(H.0):]Br was
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added, and the resulting solution stirred overnight at reflux for 24 h. The desired
complexes were obtained as white solids following removal of the solvent and
subsequent column chromatography. The complexes were characterized by 'H and *C
NMR spectroscopy, mass spectrometry, and IR spectroscopy. NMR spectroscopy was
used to elucidate solution structures of all precursors, ligands, and Re-complexes; mass
spectrometry was used to provide further evidence of the solution structures of such
compounds, and IR spectroscopy was used to assign the CO stretching modes
characteristic of the tricarbonyl motif.

For HL1 and Re(L1)(CO);, 'H and *C NMR spectra show definite shifts of the
phenolip and pyridy} proton resonances. The 'H NMR spectrum is shown in Figure 3-4
and the >C NMR spectrum is shown in Figufe 3-5. Resonances were assigned on the
basis of 'H/'"H COSY (correlation spectroscopy) and 'H/"*C HMQC (heteronuclear
multiple quantum coherence) spectroscopy. Neither the NH proton nor the OH proton
resonance of HL1 is observed in the '"H NMR spectrum; this is most likely due to proton
exchange. This is not the case in the 'H NMR>spectrum of Re(L1)(CO);, where a distinct
broad singlet is observed for the NH proton resonance at 7.33 ppm (NH'). Upon binding
of the ligand to the metal, the NH exchange process slows compared to the NMR
timescale, and the resonance for the NH signal appears in the 'H NMR spectrum of
Re(Ll)(CQ)3. As can be seen from Figure 3-4, only the H13 resonance of the pyridine
ring shifts downfield (8.52 to 8.54 ppm) while the other three pyridihe aromatic
resonances shift upfield: H11 (7.76 to 7.70 ppm), H12 (7.26 to 7.23 ppm), and H10 (7.41

to 7.15 ppm). This indicates bindingeof the pyridine nitrogen to the Re centre. For the

phenolate, all four phenol aromatic resonances shift downfield: H2 (7.08 to 6.77 ppm),
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Figure 3-4.

'H NMR spectra (DMSO-ds, 400 MHz, 25°C) of HL1 (top) and
Re(L1)(CO); (bottom)
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H4 (6.73 to 6.67 ppm), H3 (6.73 to 6.16 ppm), and H5 (7.08 to 6.02 ppm). These
resonance shifts indicate binding of the phenolate to the Re centre. Accompanying this
evidence are the shifts and splits of the methylene resonances, H7a,b and H8a,b. In the
'H NMR spectrum of HL1, H7a,b and H8a,b appear equivalent as one singlet at 3.82
ppm. In the 'H NMR spectrum of Re(L1)(CO);, an upfield shift of the resonance
indicates binding of the tridentate scaffold and the doublet at 4.30 ppm indicates weak
coupling between H7a' and H7b'. This is not seen with H8a' and H8b', where one set of
doublets of doublets is seen at 3.79 and 3.64 ppm. The coupling constant for these
resonances is the same (12.0 Hz), and can be attributed to the diaster_eotopic nature of the
CH,; protons that occurs upon the tridentate scaffold ‘locking’ the conformation around
the Re centre upon binding.

Such tridentate binding is further supported by the 3C NMR spectrum (Figure 3-
5). Upfield shifts are seen for C6' (124.5 to 123.0 ppm), C10' (122.1 to 121.5 ppm), C5'
(127.9 to 119.1 ppm), and C3' (128.8 to 113.9 ppm); such large upfield shifts for these
phenol resonances (C6', C5', and C3') indicate binding of the phenolate to the Re
centre.Likewise, downfield shifts are seen for C9' (157.0 to 164.0 ppm), C1' (159.2 to
161.0 ppm), C13' (148.9 to 151.4 ppm),. C11' (136.6 to 139.2 ppm), C4' (118.5 to 129.7
ppm), C2' (115.3 to 129.5 ppm), C12' (122.0 to 124.3 ppm). Such downfield shifts of the
resonances for C13', C11', and C12' indicate binding of the pyridine to the Re centre.
Effects of the tridentate binding are evident in the shifts for the resonances C7' and C8';

49.6 to 58.6 ppm (downfield) and 53.3 to 52.8 ppm (upfield), respectively. Hence, we

see that the Re centre is indeed coordinated in a tridentate fashion by the ligand.
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Tridentate binding of the ligand is also evident for HL2 and Re(L2)(CO)s, where
the 'H (Figure 3-6) and Be (Figure 3-7) NMR spectra show similar shifts upon metal
binding. The shifts due to the carbohydrate resonances were unchanged (or showed small
shifts) in solution, and this helps confirm the pendant nature of the glucosamine moiety in
solution. However, even with 2D NMR techniques, the corresponding spectra were quite
difficult to interpret. Upon metal binding, as can be seen, the resonances due to the
carbohydrate, linker, and methylene protons collapse into large multiplets. The shifts of
the aromatic resonances are indicative of metal binding, however unlike for HL1 and
Re(L1)(CO)s, the proton resonances all shift downfield: H13 (8.49 to 8.84 ppm), H11
(7.77 to 8.07 ppm), H2 (7.50 to 7.70 ppm), H10/12 (7.13 to 7.53 ppm), 4 (7.28 to 7.35
ppm), and H3/5 (6.79 to 6.99 ppm). Of note, is the appearance of the anomeric proton
resonances (H21B/o) at 5.07 and 4.65 ppm, respectively, in a relative ratio of :a = 2:1.

The *C NMRlspectra (F iguré 3-7). are indicati\}e of binding as well. The carbon
resonances of the sugar region shift very little, indicating that the glucosamine moiety
remains pendant. Interestingly, the *C NMR spectrum 6f the ligand and the Re complex
resulted in two sets of similar, yet distinct, resonances for the carbohydrate and spacer
moieties. This could be fhe result of either the presence of two anomers (overlaps of 2
signals) or enantiomers (overlaps of up to 4 peaks); other methods are required to deduce
the correct assignment. The appearance of three carbon signals between 197.5 and 196.8
ppm in the 3¢ NMR spectrum of Re(LL2)(CO); indicate an arrangement of three carbonyl
groups as either the fac or the mer isomer; it is most likely the fac arrangement due to the

tridentate nature of L2. Shifts of the carbon resonances from the HL2 to the

Re(L2)(CO); are indicative of tridentate binding. For the aromatic resonances, C9 and
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Figure 3-6.

Re(L2)(CO); (bottom)

'H NMR spectra (MeOH-d;, 400 MHz, 25°C) of HL2 (top) and
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C6 shift upfield (158.0 from 159.8 ppm and 119.8 from 124.6 ppm, respectively) upon
binding, while the other nine carbon resonances shift downfield upon binding: C15
(174.5 to 182.8 ppm), C1 (158.0 to 160.7 ppm), C13 (149.7 to 154.0 ppm), C11 (139.0 to
142.5 ppm), C5 (132.6 to 134.9 ppm), C3 (130.3 to 132.7 ppm), C10 (124.9 to 127.4
ppm), C12 (124.1 to 125.7 ppm), C4 (120.6 to 121.2 ppm), and C2 (117.1 to 117.3 ppm).
Diagnostic shifts occur for the methylene carbon resonances as well: C8 (60.5 to 69.2
ppm), C7 (56.7 to 68.2 ppm), C14 (58.1 to 62.6 ppm), whereas for C20, the resonance
remains constant at 63.0 ppm (indicating the pendant nature of the glucosamine moiety,
while providing evidence of bihding of the tridentate unit). The other glucosamine
resonances C21, C17, C19, C18, and C16 shift little, if af all, upon binding: 92.7 to 91.9
ppm, 73.2 to 73.1 ppm, to 73.0 fo 72.0 ppm, 72.3 to 71.9 ppm, .ar-ld 56.0 to 57.0 ppm,
respectively. This confirms the pendant nature of the glucosamine and that the Re centre
is indeed bound by the tridentate ligand HL2.

Further evidence for complex formation is provided by IR spectroscopy and mass
spectrometry of dilute MeOH solutions, which corroborate the deduced solution
structures. For Re(L1)(CO);, three bands attributable to the [Re(CO);]" core were
present at 2203, 1909, and 1887 cm’', indicative of a low symmetry environment. For
Re(L2)(CO)s, two carbonyl bands are present at 2032 and 1905 cm™. The broader lower
band at 1905 cm™ is probably an overlap of two bands. Re exists as a mixture of isotopes
and thus gives rise to diagnostic isotope peak patterns in the mass spectra. ES+ of
Re(L1)(CO); and Re(L2)(CO); gave [MH]" peaks, and in addition, [M+Na]" and

[M+MeOH+Na]" peaks were seen for Re(L1)(CO);. Such high intensity peaks provide

more evidence for complex formation in solution.




3.6 Synthesis and characterization of ™ T¢ complexes

PMTe(L1)(CO); and *™Tc¢(L2)(CO); were prepared using the Isolink™ kit
available from Mallinckrodt, Inc according to Section 2.4, page 39. As discussed earlier
(Scheme 1-1, page 11), an Isolink™ kit, containing a mixture of sodium salts (tartrate,
tetraborate, carbonate, and boranocarbonate) is used to prepare the precursor
[ Tc(CO)3(H,0)]* from a saline solution of Na[*>"TcO4]. The radiolabelling reaction

scheme is shown in Scheme 3-5.

AN AN
» »
R N a) NaOEt, EtOH R N
N o T \N/,ggm, .CO
b) [**"Tc(CO)3(H,0)s] /TC\
OH 70°C, 30 min, PBS O | Cco
co
HL1, R=H . 99MTe(L1)(CO)5, R=H-
o_ OH o_ OH
HL2,R= HO NH oo HO NH
N Tc(L2)(CO)s, R = >//},-
AN HO N\
HO ho O HO O

Scheme 3-5. Preparation of *™Tc complexes

To investigate the potential utility of *™Tc(L1)(CO); and *™Tc¢(L2)(CO); as

imaging agents, challenge experiments are performed 0
1]
HoN~CHC~OH

with aqueous amino acid solutions of cysteine and CH,

HZN—QH&—OH
histidine in PBS (phosphate buffered saline, 0.1M, pH CHz N\)\
' SH NH

= 7.2) solutions. Challenge experiments are used to cysteine histidine

obtain stability information about these metal complexes. Since such complexes may

someday be used as imaging agents, it is important that the metal complexes are stable




and inert to substitution by other ligand systems that are present in living systems. Since
amino acids are ubiquitous in living systems, challenge experiments are performed with
these potentially competing arﬁino acids (i.e. cysteine and histidine). These challenge
experiments resulted in *Tc¢(L1)(CO); and *™T¢(L2)(CO); displaying excellent
stability towards 100-fold excess cysteine and histidine in aqueous PBS.

Corresponding HPLC traces for radiochemical yield and cysteine/histidine
challenge experiments for 99mTc(Ll)(CO)3 are shown in Figure 3-8 and those for
99mTc(LZ‘)(CO)3 are shown in Figure 3-9. The average radiochemical yields (as
determined by the formation of only one set of peaks) for the synthesis of
PMT(L1)(CO); and *™Tc(L2)(CO); were 99+1% (n = 3); representative traces are
shown in Figure 3-8 a), b) and Figure 3-9 a), b) (UV and radiation traces, respectively);
these traces are due to the presence and formation of Re(Ll)(CO)3/99mTc(L1)(CO)3 and
Re(L2)(CO)3/*™Tc(L2)(CO)s, respectively. *™Te(L1)(CO); and " Tc(L2)(CO); were
stable at 24h in excess cysteine or histidine solutions, indicating strong tridentate binding.
The cysteine traces are represented in Figure 3-8 «¢), d) (for
Re(L1)(CO)3/*™Tc(L1)(CO)3) and Figure 3-9 c¢), d) (Re(L2)(CO):/ ™ Tc(L2)(CO)s).
The histidine traces are represented in Figure 3-8 e), f) (for
Re(L1)(CO):/”™Te(L1)(CO)3) and Figure 3-9 ¢), f) (Re(L2)(CO)/ ™ Te(L2)(CO);). In
all cases, the retention time (tr) of the associated Re and *™Tc complexes were similar
within experimental error. The instrumentation for the HPLC analysis has the radiation
detector (Nal) placed after the UV-detector. Hence, the radiation traces show longer

retention times than do the analogous UV traces. This is also the reason why co-injection

is used; the UV-detector senses the non-radioactive Re-complexes whereas the radiation




detector senses the radioactive 99mTc-complexes. Both HPLC traces can be compared to
see that the UV-trace and the radiation trace are similar. For
Re(L1)(CO)3/99mTc(Ll)(CO)3, the presence of one product is confirmed from the HPLC
traces (Figure 3-8) because of the presence of single peak. In addition td the NMR
spectra, the traces for Re(L.2)(CO); and 99mTc(LZ)(CO)3 (Figure 3-9) show two peaks,
which support the evidence provided by the NMR spectra for the presence of two

anomers in solution. In all cases, no other peaks were detected, hence confirming the

similarity between the Re and *™T¢ complexes.
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Figure 3-8. All traces are a result of co-injection of Re(LL1)(CO); with *™Tc(L1)(CO);
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK

This thesis project has described the synthesis; characterization, and solution state
~ behaviour of two Re-complexes, Re(L1)(CO); and Re(L2)(CO);. The corresponding
ligands, HL.1 and HL2 respectively, were radiolabelled with the [99mTc(CO)3(HzO)3]Jr
cation via an Isolink® kit in high yields and showed excellent radiochemical yield as well
as very good stability out to 24h in aqueous cysteine and histidine solutions. NMR
spectroscopy provided evidence to the pendant nature of the carbohydrate in
Re(L2)(CO); and the existence of two anomers in solution, while mass spectrometry
corroborated the proposed tridentate structures and the diagnostic fragmentation pattern
of the Re complexes. IR spectroscopy provided evidence of the tricarbonyl functionality
for Re(L1)(CO); and Re(L2)(CO)s.

Such a ligand design exhibits functional utility. The carbohydrate could be

replaced  with  glucosamine  diastercomers (e.g.

OAc
galactosamine and mannosamine), the amide bond could ACOM
AcO OAc
be replaced with an amine bond, the glycine spacer could NH
o)\ Z
be extended with various CH; lengths, and the tridentate N “ |
‘ N
arms could be replaced with an imidazole and/or a CO,t-Bu

31
carboxylate functionality. Compound 31, shown here, with

its f-butoxide protecting group, could be used as a precursor for a monoprotic carboxylate
arm. Other designs could employ a suitable protected histidine moiety to link up to such

~ a carbohydrate scaffold. Animal studies could also be used to determine the utility of

such carbohydrate compounds as potential imaging agents in vivo.
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