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SYNOPSIS

Cancer is one of the most dreaded diseases which cause about 12% of all deaths
worldwide, and an estimated 2.5 million people suffer from this disease in India. Therefore,
an effort to develop new drugs and strategies to control or cure this disease is a priority.
While planning treatment strategy, an accurate assessment of the clinical status of the disease
is essential to ensure the expected clinical outcome. Thus, the choice of the clinical probe and
its ability to provide the required information itself becomes a major consideration. In this
context, development of effective probes to obtain clinical status of a disease becomes as
important as the development of new drugs and strategies.

A major cause for the cancerous lesions to be resistant to the treatment modalities
such as chemotherapy and radiotherapy is hypoxia. It is a pathological condition where a
certain region in the body has inadequate levels of oxygen. There are several causes for
hypoxia,® including pathological conditions such as oncology, cardiovascular disease,
cerebrovascular disease, diabetes, infection and wound healing.? However, it is hypoxia in
cancerous lesions that is more detrimental as it has direct implications on the prognosis and
therapeutic outcome of the disease. Experimental and clinical evidence has clearly
established the negative influence of hypoxia in tumor propagation, malignant progression
and resistance to radiation therapy and chemotherapy.®®

The resistance of hypoxic cells to radiation therapy and chemotherapy was known as
early as 1953, when well oxygenated tumor cells were found to exhibit three-fold greater
response to radiotherapy compared to anoxic cells.'® Potential issues posed by hypoxia in
cancerous lesions are extensively reviewed.'® ** Hypoxia posed significant problems to the
clinical oncologists compelling them to assess the hypoxic status of the cancerous lesions so
that appropriate alterations can be made to the therapeutic strategy. Knowledge on hypoxic

status of the cancer can also help the physicians to isolate patients who may be benefited
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from hypoxia-directed treatment from those who will not, thereby avoiding unnecessary
discomfort to latter group of patients already in a state of deteriorated health conditions.
These factors adequately substantiate the significance of detection of hypoxia in cancer and
the relevance of developing efficient techniques to achieve this objective.

There are several methods to detect and quantify hypoxia in tumor which can be
broadly classified into invasive and non-invasive. However, invasive methods have several
drawbacks and most of these techniques are applicable only to superficial tumors.*?
Therefore, non-invasive techniques are preferred over invasive techniques.

Currently, imaging using radiopharmaceuticals and Magnetic Resonance Imaging
(MRI) are the two non-invasive modalities available for the detection and quantification of
hypoxia. MRI combines morphological imaging with limited functional imaging. Though the
spatial resolution of the images obtained using MRI technique is high, sensitivity is low and,
it often requires appreciable quantity of contrast agents, which may be toxic to the body, to
obtain images of acceptable quality. On the other hand, radiopharmaceuticals with their high
sensitivity and ability to provide functional information of organs/tissue are considered
superior to MRI.

Radiopharmaceuticals are defined as radioactive drugs that can be used in vivo for the
diagnosis or monitoring of a disease or its manifestation as well as for therapy of a disease in
a body. Diagnostic and therapeutic radiopharmaceuticals essentially differ in the nature of
radioisotope contained in the radiopharmaceutical. While diagnostic radioisotopes are
preferably pure gamma or positron emitters, therapeutic radioisotopes invariably emits
particulate radiations with or without accompanying gamma emissions.

The radiopharmaceutical for the detection of hypoxia relies on the oxygen dependent
chemical change of the tracer molecule, which results in the accumulation of the radiotracer

in the hypoxic cells, thereby enabling the detection and delineation of hypoxic tissue from
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oxygenated tissue. Majority of radiopharmaceuticals developed and evaluated for the
detection of hypoxia are based on nitroimidazoles. The two prominent non-nitroimidazole
radiopharmaceuticals are ***Cu-ATSM™** and *"T¢- HL-91.%

Nitroimidazoles undergo selective reduction, mediated by nitroreductase enzyme, and
gets subsequently trapped in viable hypoxic cells. This selectivity could be utilized to detect
hypoxic cells in vivo, if a suitable radioisotope is tagged to nitroimidazole. Following this

approach, several nitroimidazole-based molecules labeled with positron emitting™®™® or

gamma emitting*#?%%

radioisotopes are evaluated for their potential to target tumor hypoxia.
Positron Emission Tomography (PET) is employed for imaging positron emitting
radiopharmaceuticals and Single Photon Emission Computed Tomography (SPECT) is used
for gamma emitting radiopharmaceuticals. ‘®F-fluoromisonidazole (FMISO), a PET-
radiopharmaceutical, is probably the most widely used radiopharmaceutical for detection of
tumor hypoxia.”* However, due to high lipophilicity, FMISO shows uptake in brain and
cleares slowly through hepatobiliary route.?*** Slow clearance of activity from the body
required delayed imaging to obtain images of acceptable quality. However, relatively short
half-life of *®F (109.8 min) imposed a limit to the delay in imaging. In general, availability of
a cyclotron for the production of positron emitting radioisotopes, necessity of automated
modules for the preparation of PET-radiopharmaceuticals and the requirement of a PET
camera makes PET-based radiopharmaceuticals far from being cost-effective. On the other
hand, SPECT machines are relatively economical and recent advances in SPECT technology
have tremendously reduced the gap between SPECT and PET in terms of image resolution.?
Hence, a SPECT-based radiopharmaceutical for imaging hypoxia that can provide diagnostic
information comparable to that obtained using a PET-based radiopharmaceutical, such as

[*®F]-FMISO, will be preferred and may find wider applicability. Among different SPECT

isotopes, *™Tc with its ideal decay characteristics, optimal half-life, versatile chemistry, cost-
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effectiveness and availability is still the irrefutable leader, which earned it the name “work
horse of nuclear medicine”.

Technetium belongs to group VI1IB of the periodic table with electronic configuration
[Kr]4d®5s! (neutral atom). It shows variable oxidations states ranging from +7 to -1, +7 being
the most stable oxidation. This oxidation state is encountered in technetium obtained as
pertechnetate (*™TcO,) from **Mo/®™Tc generator.”® Technetium in +7 oxidation state
being least reactive, its reduction from +7 oxidation state is necessary to bind it with suitable
organic ligands to obtain the required radiopharmaceutical. In aqueous solution, reduction of
%™Tc0O, in the absence of any stabilizing ligands leads to the formation of colloidal **™TcOs.
Hence, to obtain the required radiopharmaceutical in good yield, it is often necessary to have
large excess of ligand (large ligand to metal ratio) in solution, especially when the Kkinetics of
complex formation is slow compared to the kinetics of reduction of **™Tc.?” Use of excess
ligand is a drawback in the case of receptor targeting radiopharmaceuticals, since the free
ligand also competes with the radiolabeled ligand for the limited number of receptors
available on the cancerous cells. The competition significantly decreases the binding of the
radiolabeled ligand compromising the quality of the image to a great extent.

The introduction of the radiosynthetic precursor [*™Tc(CO)3(H;0)s]* by Alberto et
al., which can be prepared in aqueous solution under mild conditions, opened up the
possibility of radiolabeling ligands with high specific activity (low ligand to metal ratio).?
Unlike *™Tc-oxo core ([*"Tc(V)OJ*") and **™Tc-dioxo core ([*™Tc(V)0,]"), the
[**™Tc(CO)3(H.0)s]" core is stable over a wide range of pH (1-13) *® and immune to re-
oxidation to *™TcO," Since **™Tc is already stabilized in +1 oxidation state, use of excess
ligand can be avoided while radiolabeling with [*™Tc(CO)s(H.0)s]" core. Ligands
containing donor atoms like N, O, S etc. are suitable for replacing the three labile water

molecules in  [®™Tc(CO)s(H.0)s]" core to form octahedral complexes. The
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[®*™Tc(CO)s(H,0)s]" core is lipophilic with an overall charge of +1. However, through
appropriate selection of the donor ligands, the lipophilicity and charge on the resulting
complex could be altered thereby opening up the possibility of fine tuning the in vivo
pharmacokinetics of the molecule.

In the present thesis, several ®™Tc(CO)s-labeled nitroimidazole complexes are
envisaged, synthesized and an attempt has been made to study the effect of different
parameters, such as single electron reduction potential (SERP), lipophilicity as well as overall
charge on the nitroimidazole-*"Tc(CO)s complex, which decides the in vivo efficacy of
these agents to target tumor hypoxia. The logical conclusions derived from the in vivo
evaluation of these complexes in suitable tumor bearing animal models were further utilized
to develop new/modified hypoxia targeting agents.

The thesis consists of four chapters and the contents of each of the chapters are briefly
mentioned below.

CHAPTER 1: INTRODUCTION

This chapter highlights the role played by ‘Hypoxia’ in the clinical management of
cancer and the necessity to develop methods to detect and quantify hypoxia in cancerous
lesions. Various techniques that are presently available for the detection of hypoxia are
discussed and the advantages of non-invasive imaging methods using radiopharmaceuticals
are emphasized. Brief account of different radiopharmaceuticals for imaging hypoxia,
including those which are in clinical use, is provided with particular mention on
nitroimidazole based radiopharmaceuticals. This chapter also brings to light the importance
of ¥™Tc, a SPECT isotope, in the era of PET and also discusses different labeling approaches
with this isotope, with emphasis on labeling with [**™Tc(CO)s(H,0)s]* core. A short account
of quality control methods, biological study protocols etc., which will be common for

evaluating different labeled molecules mentioned throughout the thesis, is provided.
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CHAPTER 2: ANALYSIS OF THE EFFECT OF DIFFERENT PROPERTIES OF
N|TRO|M|DAZOLE-gngC(CO)3-COMPLEXES ON THEIR IN VIVO UPTAKE AND
RETENTION IN HYPOXIC TUMOR

Prediction of the in vivo behavior of foreign agents designed for a specific task in
biological systems is extremely difficult, owing to different factors involved in deciding the
overall pharmacokinetics. Nevertheless, by systematic experimentation and careful evaluation
of the results, certain logical conclusions can be derived which can provide insights while
tailoring of new molecules.

For nitroimidazole-**"Tc(CO); complexes, three important properties viz.
lipophilicity, SERP and overall charge of the complex, could be linked to the hypoxia
targeting efficacy as well as the pharmacokinetic behavior in vivo. Lipophilicity is essential
for any complex to enter the cell by passive diffusion, especially when active transport
mechanism is not available for crossing the cell membrane. Once the complex enters a viable
hypoxic cell, the efficiency of reduction and subsequent trapping of the complex is decided
by SERP. The overall charge on the complex plays a role in deciding the clearance of the
complex from the body.

To study the effect of these properties on the uptake and retention of the complex in
vivo, several nitroimidazole-*"Tc(CO); complexes which differ in their lipophilicity, SERP
and overall charge are prepared. As the SERP of the nitroimidazole depends on the position
of nitro group in the imidazole ring, a set of *™Tc(CO); complexes with different SERP
could be prepared from appropriately functionalized 2-, 4- and 5-nitroimidazole ligands.
Different ligands synthesized to achieve this objective are shown in Fig. 1. The choice of
tridentate ligands viz. iminodiacetic acid (IDA), aminoethylglycine (AEG) and
diethylenetriamine (DETA) was made keeping in mind the objective of achieving -1 , 0 and

+1 overall charge on the complexes of 2-, 4- and 5-nitroimidazole. The [**™Tc(CO)s(H.0)s]*
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core which has an overall charge of +1, on complexation with iminodiacetic acid (IDA)
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and diethylenetriamine (DETA) forms neutral and positively charged complexes respectively
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The synthetic modifications made to 2-, 4- and 5-nitroimidazole itself leads to variations in
lipophilicity of the corresponding *™Tc(CO)s-complexes. To establish the structure of the
nitroimidazole-*"Tc(CO); complexes formed in the tracer level, corresponding
185/187Re(CO); complex of 2-nitroimidazole from each series viz. IDA, AEG and DETA are
prepared and characterized by *H-NMR.

The preparation and biological evaluation of a set of nine nitroimidazole-*"Tc(CO)s
complexes, with different SERP, overall charge and lipophilicity, forms the core content of
this chapter. The results obtained are analyzed and logical conclusions are drawn which can
serve as guidelines for future work on identification and development of suitable
nitroimidazoles.

CHAPTER 3: MODIFIED 2-N|TRO|M|DAZOLE-99mTC(CO)3 COMPLEX WITH

IMPROVED PHARMACOKINETICS FOR TARGETING TUMOR HYPOXIA

In this chapter, re-designing of 2-nitroimidazole- o oM
IDA-P"Tc(CO); complex, which has emerged as the best (\/\/\Nj/
candidate as far as the tumor uptake and retention is N%mz H‘/OH
concerned, was attempted to improve its pharmacokinetics. Original 2-nitroimidazole-IDA derivative
The complex showed uptake and slow clearance from liver Oj/OH
which limited its utility to image tumors in abdominal N% o

o
region. For faster clearance from liver, the propylene spacer @ @ @ @@ e s dher e
in the original complex was replaced with an ether spacer Fig. 3.

(Fig. 3) which supposedly hydrolyses in liver leading to faster clearance of activity from the
organ. The synthesis involved five steps starting with the synthesis of 1-(2-(2-
bromoethoxy)ethyl)-2-nitro-1H-imidazole from 2-nitroimidazole and 2-bromoethylether. The
2-nitroimidazole bromo derivative was subsequently converted to corresponding amine, 2-(2-

(2-nitro-1H-imidazol-1-yl)ethoxy)ethanamine  hydrochloride, via Gabriel phthalimide
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synthesis. The amine is then converted to di-tert-butylester derivative which upon hydrolysis
gave the target ligand.

The ligand was radiolabeled with [*™Tc(CO)s(H20)s]* core following optimized
protocol. Corresponding *®*®’Re(C0O); complex was also prepared in macroscopic scale to
establish the structure of the *™Tc(CO)s-complex prepared at the tracer level.

The biological evaluation of the complex was carried out in suitable tumor bearing
animal model. As per the expectation, while retaining its favorable tumor uptake
characteristics, results clearly indicated faster clearance of activity from liver in case of the
present complex compared to that of the 2-nitroimidazole-IDA-**"T¢(CO); complex.
CHAPTER 4: PREPARATION OF ¥™T¢(C0O);-ANALOGUE OF [“¥F]JFLUORO
MISONIDAZOLE

This chapter deals with the synthesis, radiolabeling and NO,

biological evaluation of *™Tc analogue of [“F]- C{\)\/
N 185

fluoromisonidazole which is a PET based radiopharmaceutical s .
[**F]-fluoromisonidazole

o]

currently being used in the clinic for imaging tumor hypoxia. "
N“‘——._
Here, an attempt was made to combine the favorable hypoxia O \/t/ oH
N N
targeting property of misonidazole with the favorable nuclear J\

o OH

characteristics of **™Tc. To achieve this, an IDA derivative of
Misonidazole-IDA derivative

misonidazole was synthesized to facilitate radiolabeling using Fig. 4.
[*¥*™Tc(CO)3(H.0)s]" core. The IDA group occupied the position of *F in [*F]-
fluoromisonidazole as shown in Fig. 4.

The target ligand was synthesized in four steps starting with 2-nitroimidazole and 2,
3-epoxypropylphthalimide. The intermediate compound, 2-(2-hydroxy-3-(2-nitro-1H-

imidazol-1-yl)propyl)isoindoline-1,3-dione, was purified and hydrolyzed to obtain

corresponding amine which was subsequently converted into di-tert-ester derivative by
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reacting with tert-butylbromoacetate. The ester derivative was hydrolyzed to obtain the target

ligand.

The ligand was radiolabeled with [**™Tc(CO)s(H.0)s]* core following the optimized

protocol. Corresponding ***"Re(CO); complex was also prepared in macroscopic level for

further characterization by 'H-NMR. The radiolabled complex as well as [“*F]-

fluoromisonidazole was evaluated in vivo in fibrosarcoma tumor bearing animal model. The

results are thoroughly analyzed and discussed.
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CHAPTER 1
INTRODUCTION

“If we knew what it was we were doing, it would not be called research, would it?”

— Albert Einstein



1.1. Background

Currently, cancer is one of the most dreaded disease, causing about 12% of all deaths
worldwide." In India, while the incidence of new cases of cancer is over 8,00,000, the number
of cancer-related deaths reported annually is alarmingly high figure of 5,50,000. There is a
need to develop effective drugs to cure patients suffering from this disease, and relentless
efforts are being made by various research groups world-wide to achieve this objective.
However, clinical research of the past three decades had unambiguously demonstrated that
there are certain other medically relevant issues which have a large bearing on the prognosis
of the disease and efficacy of the treatment even with the best medicines available. Hypoxic
(below normal level of oxygen) nature of the cancerous lesions and its associated problems is
one such issue which makes the clinical management of cancer a herculean task.” Finding
effective ways to counter hypoxic cancerous tissue is thus a challenging problem, and its
solution will empower the oncologist to significantly improve the quality of life of cancer
patients or, possibly, even cure the disease completely. This makes quantitative detection of
hypoxia in cancerous lesion another significant medical problem and the need to develop
precise tools for the detection of hypoxia a necessity. In this regard, nuclear medicine can
play an important role through hypoxia specific imaging agents.
1.2.  Hypoxia and its causes

Hypoxia is a pathological condition that arises in organs or tissue in the body due to
inadequate oxygen level. Medical conditions such as cancers, cardiovascular disease,
cerebrovascular disease, diabetes, infection and wound healing are few of the several causes
for tissue hypoxia.*®
1.3.  Problems posed by hypoxia

Among the different causes, probably, hypoxia in cancerous tissue (tumor) pose the

most serious problem as it has direct implications on the prognosis and therapeutic outcome



of the disease. Hypoxia in tumor can be perfusion related (acute hypoxia) or diffusion related
(chronic hypoxia).> Tumor microvasculature often has severe functional and structural
abnormalities, such as absence of blood flow regulation, lack of physiological and
pharmacological receptor, tortuous shape, intermittent stasis etc. which limits efficient
perfusion, and hence, adequate oxygen supply. Structural abnormalities lead to increased
diffusion lengths and deteriorated diffusion geometry for oxygen delivery, causing oxygen
starvation in cells beyond certain distance (>70 pum) from the nutritive blood vessels.

Evidence for the negative role of hypoxic microenvironment in the pathogenesis and
progression of human cancer was first obtained in 1953, when well-oxygenated tumor cells
were found to exhibit a 3-fold higher response to radiotherapy compared to anoxic cells.”
Later, numerous experimental and clinical investigations confirmed the negative influence of
hypoxia in tumor propagation, malignant progression and resistance to radiation therapy and
chemotherapy.”™*?

Though hypoxic cells are quiescent they are potentially dangerous, if ignored, for
several reasons.** Unlike adequately well oxygenated cells, hypoxic cells are resistant to
radiation therapy and chemotherapy. Irrespective of the choice of therapy, well oxygenated
tumor cells are predominantly eliminated during therapy, exposing the underlying hypoxic
tumor cells to higher oxygen levels and nutrients enabling them to re-grow. Secondly,
cellular functions are highly oxygen-dependent and are subject to modulation according to
oxygen availability. Several clinical studies have indicated extreme hypoxic environment (0.2
— 1 mm Hg) to be a potential stimulus for genetic changes in cells which may result in
acquisition of drug resistance.>** Another aspect which makes hypoxic cells dangerous is
their HIF (hypoxia-inducible factor) mediated adaptive response to survival under hypoxic
conditions.** The HIF-1 mediates the activation of glucose transporters and glycolytic

enzymes to shift the cellular metabolism to anaerobic glycolysis. The HIF-1 also stimulates



up-regulation of angiogenic growth factors and cytokines that promotes angiogenesis leading
to re-oxygenation of the hypoxic cells which is the starting point of recurrence and
malignancy. These factors highlight the necessity to consider hypoxic status of cancer as an
important clinical parameter before finalizing the treatment strategy for a patient. Information
on hypoxic status of the disease can help physicians to isolate patients who will benefit from
hypoxia directed treatment from those who will not, relieving the latter group from taking
unnecessary therapeutic burden on their already deteriorated health condition. Available
options for hypoxia directed treatment have been thoroughly discussed.™*°
1.4.  Measuring tumor hypoxia

Considering the significance of hypoxia in clinical management of cancer, precise
determination of its existence, extent and spatial distribution in the cancerous lesions assumes
paramount importance. Spatial distribution of hypoxic region in cancerous tissue is especially
important for planning hypoxia-directed treatment using external radiation sources.*>*°
Methods available for the detection and quantification of hypoxia in tissue can be divided
into two classes, invasive or non-invasive. Techniques currently being used for the detection
of hypoxia is summarized in Table 1.1." Few select techniques which are employed in
routine clinical practice are briefly described.
1.4.1. Invasive techniques
1.4.1.1. Polarographic oxygen electrode

At present, polarographic oxygen electrode, also known as Eppendorf electrode is
considered the ‘gold standard’ for the measurement of tissue hypoxia.** Several studies have
clearly established strong correlation between hypoxia measured using this device and poor
prognosis.>”** In this technique, multiple tracks in the tissue are made using this electrode,
and oxygen partial pressures are recorded at different depths in each track. This information

is used to construct a histogram showing the distribution of oxygen partial pressure in the



tissue under investigation. Though this electrode can directly measure oxygen partial pressure
at a given depth in a tissue, nature of the technique requires that the tissue under investigation
is readily accessible. These electrodes are, therefore, practically ineffective for detecting and
quantifying hypoxia in deep-seated tumors. Also, due to the heterogeneous and dynamic
nature of hypoxia, observed distribution of oxygen partial pressure in the tissue, which is
based on a limited number of measurements, may not reflect the actual oxygenation status of
the entire tissue. These factors have restricted adoption of this technique in a clinical setup to

a larger extent.

Table 1.1. Different invasive and non-invasive techniques available for the detection of tissue hypoxia

Invasive techniques

Technique name Probe References
Needle based sensors Polarographic oxygen electrode 18, 19, 20
Fluorescent oxygen sensors 21,22
Immunochistochemical markers Pimonidazole 23,24
EF5 25
HIF-1a 26
CAIX 27
Noninvasive techniques
Endogenous contrast Near IR spectroscopy 28
BOLD MRI 28,29
ESR 30

Exogenous contrast

MRI/MRS [**F]hexofluorobenzene 31, 32

PET [*®F]Fluoromisonidazole 33, 34
[*®F]Fluoroazomycin arabinoside 35, 36
[*®F]EF5 37
[**Cu]ATSM 38,39

SPECT [***1]lodoazomycin arabinoside 40

1.4.1.2. Immuno-histochemical markers
This is an indirect technique for the detection of hypoxia. It requires a monoclonal

antibody developed against adduct of the metabolites of oxygen-dependent bio-reductive
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marker with the cellular components. EF5 and pimonidazole (code named Ro03-8799) are
two such bio-reductive markers used for the detection and quantification of hypoxia.?*2>4>4¢
The technique allows appropriate bio-reductive marker to distribute in the tissue of interest
where they will undergo selective reduction in hypoxic cells resulting in the formation of
adducts of their metabolites with the cellular components. Subsequently, antibodies are used
to detect and estimate the amount of adduct formed in the biopsied tissue which is a measure
of hypoxia. This technique is also prone to error due to heterogeneous nature of hypoxia,
since biopsied tissue may not represent the actual hypoxic status of the entire tissue.
1.4.2. Non-invasive methods

Magnetic resonance imaging (MRI) and imaging using radiopharmaceuticals are the
two important non-invasive modalities available for the detection and quantification of
hypoxia.*’ The techniques are briefly discussed below.
1.42.1. MRI

MRI relies on oxygen-dependent relaxation of magnetically active nuclei (*°F or *H)
in the contrast agents such as perfluorocarbons (PFC) and hexamethyldisiloxane (HMDSO).
Variation in relaxation time is used as signal for mapping oxygen partial pressure in the tissue
of interest. Several studies have correlated oxygen partial pressure maps, generated using
MRI, with clinically measurable parameter such as tumor volume doubling time. This
information has also been utilized for selecting patients who would benefit from hypoxia-
directed therapy.*®“**° Though MRI with PEC’s offers good spatial resolution, lack of *°F-
MR capability in majority of the clinical scanners has limited its application. On the other
hand, MRI with HMDSO is often associated with strong background resonance signals from
the methylene groups of body fat (adipose tissue). Other disadvantages of MRI include,
influence of temperature, pH, presence of other metal ions etc. on the relaxation time of the

contrast agent, which makes direct correlation with oxygen partial pressure difficult.*’



1.4.2.2. Imaging using radiopharmaceuticals

Imaging using radiopharmaceuticals has emerged as an important tool for the
diagnosis of cancer as well as several other pathological conditions.>** A brief account on
radiopharmaceuticals follows.

1.5. Radiopharmaceuticals

Radiopharmaceuticals have been defined as radioactive drugs that can be used, either
in the diagnosis or monitoring of a disease or manifestation of a disease in a body, or to effect
therapy of the diseased organ or tissue. Radiopharmaceutical can be simple ions like I
(**'1-iodide) or ®™TcO, (**™Tc-pertechnetate)®**® or complex molecules like proteins,
antibodies or peptides tagged with appropriate radionuclide.”” lodine-131, which is the most
efficacious radiopharmaceutical for the treatment of thyroid cancer, is taken up in thyroid
because, iodine is essential for the biosynthesis of hormones secreted by thyroid gland.
Pertechnetate mimics iodide in size as well as charge and hence it has also been used to
image thyroid gland.*® Proteins and antibodies on the other hand target a specific organ or
tissue by virtue of their specific biological function. Between these two classes of compounds
are small molecules which may or may not have a biological function in the body. Small
molecules, which by themselves do not have any biological function, still may target an organ
after tagging with an appropriate metallic radionuclide. Such radiopharmaceuticals are called
‘metal essential radiopharmaceuticals’. Molecules that can target an organ or tissue due to
their biological function are called ‘metal non-essential radiopharmaceuticals’.

It is not necessary that a biomolecule always possesses appropriate functional groups
which could be utilized to tag a radionuclide. Hence, more recently, radiopharmaceuticals are
developed by bifuntional chelator approach. A bifunctional chelating agent (BFCA), as the
name implies, has two functions. It forms complex with a suitable radionuclide at one end

and holds the biomolecule at the other. General representation of a radiopharmaceutical



formed by bifunctional chelator approach is shown in figure 1.1. Biologically active
molecule, which is primarily responsible for the selective targeting action of the
radiopharmaceutical, is connected to a chelator which binds with the radionuclide through a
linker. The linker has an additional function to hold the biomolecule sufficiently away from
the metal-chelate to avoid a possible steric hindrance which may compromise the selective

action of the biomolecule on the target tissue in the body.

Fig. 1.1. Typical design of a radiopharmaceutical using bifunctional chelator approach

Radiopharmaceuticals can be broadly classified into diagnostic or therapeutic depending on
the emission characteristics of the radioisotope. A discussion on therapeutic
radiopharmaceuticals is beyond the scope of the present work.
1.6. Diagnostic radiopharmaceuticals

Medical diagnosis is the process of detecting the presence of a disease or disorder in a
body and reaching a logical, and reasonable, conclusion based on which the best possible
treatment strategy could be adopted. The essential difference between a diagnostic and
therapeutic radiopharmaceutical is in the nature of radionuclide used. A diagnostic
radionuclide should be, preferably, a pure gamma or positron emitter whereas a therapeutic
radionuclide should be invariably a particulate emitter (alpha, beta, Auger electrons etc.) with
or without accompanying gamma emission. Upon systemic administration of the diagnostic
radiopharmaceutical, it either passes through or retained in organs/diseased tissue. A highly

sophisticated medical instrument, known as gamma camera, is used to detect the gamma



photons emerging from the body, penetrating the tissue, to construct 2D images that will
provide information on the functioning of an organ or the presence of cancerous lesions in the
body. Single photon emission computed tomography (SPECT) cameras are used for
constructing 3D images. Gamma photons with energy between 100 KeV to 250 KeV is ideal
for diagnostic imaging applications using SPECT. For positron emitting radioisotopes,
positron emission tomography (PET) cameras are used. PET camera employs detectors
capable of detecting 512 KeV gamma photos emitted during the annihilation of positron.
Bismuth germanium oxide (BGO) or LSO are examples of such detectors. Some of the
widely used diagnostic radioisotopes, their production route and their decay modes are

summarized in Table 1.2.%8

Table 1.2. Some of the diagnostic isotopes useful for radiopharmaceutical applications

Isotope Production route Half-life (h) Decay mode

Gamma emitting radioisotopes

*Ga Cyclotron 78.26 EC (100%)

123 Cyclotron 13.0 EC

131 Reactor 193.4 B

200T) Cyclotron 73.1 v (16), EC (94)

®MTe Mo/ *®™Tc Generator 6.0 IT (100%)

Iy Cyclotron 67.9 EC (100%)
Positron emitting radioisotopes

¥cu Cyclotron, 12.8 B* (19%), EC (41%), B

Ni(p,n)®*Cu (40%)

%Ga %Ge/®Ge Generator 1.1 B* (90%), EC (10%)

18F Cyclotron, **O(p,n)*®F 1.83 B (97%), EC (3%)

124y Cyclotron, ***Te(p,n)*I 100.3 B* (25%), EC (75%)

1.7.  Essential characteristics of a diagnostic radiopharmaceutical

Though it is an immensely challenging task to develop a diagnostic
radiopharmaceutical which possesses ideal characteristics for a given application, knowledge
of ideal characteristics expected could serve as guidelines while developing novel diagnostic

radiopharmaceuticals. Also, the guidelines would be helpful to assess the merits and demerits



of a diagnostic radiopharmaceutical.®® Characteristics of an ideal diagnostic
radiopharmaceutical are listed below.
a) Effective half-life

In general, half-life is used to define the time required to reduce the initial value of a
given parameter, like radioactivity, concentration of a substance in blood etc., to half its
initial value. The half-life of a radioisotope (ti2) is defined as the time taken to reduce its
activity to half the initial value. This is also called physical half-life (tyny). Similarly, for
radiopharmaceuticals injected into the body, a term biological half-life (tyi) can be defined,
which is the time to reduce its amount to half its initial value by different excretory
mechanisms of the body. Thus, the activity due to the injected radiopharmaceutical decreases
by two independent path ways. Combining these two independent processes, the term
effective half-life (te) can be defined, which could be calculated using the following

equation.

tphy X thio

tefr = n

phy + o

In general, a radiopharmaceutical having a very short effective half-life may not be a useful
diagnostic agent, since it may not spend enough time in the body to provide the required
information. As a rule of thumb, a diagnostic radiopharmaceutical should have an effective
half-life of ~1.5 times the duration of the diagnostic procedure. This provides a good
compromise between radiation dose to the patient and the dose to be injected to obtain image
of optimal quality.
b) High target to non-target ratio

In nuclear medicine, target is defined as the organ or tissue or receptors expressed on
the cells, which is under investigation. All other organs or tissue or receptors can be

considered as non-targets. Though a radiopharmaceutical is designed to target a specific
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organ, tissue or receptor, there is always a significant level of non-specific uptake in other
organs and tissues, which compromises the quality of the image, and thus, the quality of the
diagnostic information that could be obtained from those images. The target to non-target
ratio is a measure of specificity of the diagnostic radiopharmaceutical. Higher the target to
non-target ratio, more specific is the radiopharmaceutical. As a rule of thumb, this ratio
should be at least 5:1 for planar (2D) images and 2:1 for SPECT (3D) images to obtain a scan
which can clearly distinguish pathology from background.
C) Availability, cost and chemistry

The radiopharmaceutical should be inexpensive, readily available and the chemistry
involved should be simple enough for routine preparation.
1.8. Radiopharmaceuticals for the detection of tumor hypoxia

Radiopharmaceuticals for the detection of tissue hypoxia rely on the oxygen
dependent chemical changes to it, which results in selective accumulation in hypoxic cells,
delineating them from the oxygenated cells. Such radiopharmaceuticals can be classified into
nitroimidazole-based or non-nitroimidazole-based radiopharmaceuticals. Following sequel
briefly discusses these two classes of radiopharmaceuticals which have been used to detect
and quantify hypoxic status of malignant tumors.
1.8.1. Non-nitroimidazole radiopharmaceuticals for the detection of hypoxia

%4Cu-diacetyl-bis(N*-methylthiosemicarbazone) (**Cu-ATSM) and *™Tc-4,9-diaza-3,
3,10,10-tetramethyldodecane-2,11-dione dioxime (**"Tc-HL-91) are two prominent non-
nitroimidazole radiopharmaceuticals which showed considerable promise as tumor hypoxia
marker in vivo. Several pre-clinical studies have validated its use for detecting hypoxia in
tumors and other tissues.®®®” Though the mechanism of trapping of **Cu-ATSM in hypoxic
cells is not clearly understood, a biphasic mechanism is suggested which involves initial

reduction of ®*Cu-ATSM into a charged species. Reduction occurs irrespective of the
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oxygenation status of the cell. The charge on ®**Cu-ATSM slows down its clearance from the
cell. In normal cells, molecular oxygen re-oxidizes the charged intermediate to the parent
compound, which eventually clears from the cell. In hypoxic cells however, the charged
intermediate undergo further reduction resulting in irreversible trapping of ®*Cu.®® Apart from
oxygen concentration, reduction of ®*Cu-ATSM in cells depends on pH as well as
nicotinamide adenine dinucleotide (NADH) concentration. Since these cell parameters vary
between different tumor types, so does the hypoxia detection efficiency of **Cu-ATSM.

The #¥*™Tc-HL-91 (PROGNOX™) is another non-nitroimidazole radiopharmaceutical
that showed oxygen-dependent accumulation in tissue.®® Pre-clinical evaluation of this agent
in murine and xenograft tumor models has clearly demonstrated its utility to detect hypoxia.
Excellent correlation was observed between **™Tc-HL-91 retention and hypoxia measured
with Eppendorf oxygen electrode in tumor.” Available evidence indicates that **™Tc-HL-91
complex exist in two conformations in solution, one being lipophilic and the other
hydrophilic.®® The selective uptake of this complex in hypoxic cells is assumed to be due to
this peculiar characteristic of *"Tc-HL-91 complex.”

1.8.2. Nitroimidazole radiopharmaceuticals for the detection of hypoxia
1.8.2.1. Evolution

Evolution of nitroimidazole radiopharmaceuticals for hypoxia detection in living
tissue was gradual. As early as 1960, metronidazole, a 5-nitroimidazole, and later, several
other nitroimidazoles were found to have cytotoxic effects against several anaerobic bacteria
and protozoa.”® Studies on the mechanism of action of these molecules revealed that, like
molecular oxygen, they act as electron acceptors to electron transport protein present in the
cell.”" The feasibility of electron transfer (reduction) depended on the potential of the redox
couple formed between nitroimidazole and electron transport protein. The redox potential of

such reactions was of the order of -450 mV, with respect to standard hydrogen electrode

12



(SHE), which occurred only in anaerobes. This explained selective toxicity of these
molecules towards anaerobes. Further studies revealed that nitroimidazole reduction process
was not the lethal event that killed the cell, but metabolites of nitroimidazole were
responsible for the lethal effect. This finding inspired an interesting possibility of using
nitroimidazoles as of hypoxic cell sensitizers.” Subsequently, misonidazole, code named Ro
07-0582, was developed which showed radiosensitization in all solid tumors of murine origin
in which it was evaluated.
1.8.2.2. Nitroimidazole reduction process and hypoxia selectivity

Nitroimidazole reduction in hypoxic cells involves a series of one-electron reductions

mediated by nitro-reductase enzymes present in the cells [Fig. 1.2].”
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Fig. 1.2. Different steps involved in the nitroimidazole reduction process in hypoxic cell
Initial step in the nitroimidazole reduction process involves the formation of nitroimidazole
radical anion, which has a very short life-time. In normoxic cells, the radical anion was
quickly oxidized to its initial state by molecular oxygen, which has a more positive reduction
potential (-150 mV with respect to SHE)."”® Eventually, after several such reduction-oxidation

cycles, the unreduced nitroimidazole is cleared from the normoxic cells. However, in viable
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hypoxic cells, where availability of molecular oxygen is limited, nitroimidazole radical
anions undergo further reduction. The reduction process results in trapping of the metabolites
in the cells. Thus, appropriately radiolabeled nitroimidazole could be utilized to delineate
viable hypoxic cells from normoxic cells in vivo.
1.8.2.3. An overview of nitroimidazole radiopharmaceuticals

Several nitroimidazole radiopharmaceuticals with a variety of diagnostic
radioisotopes has been prepared and evaluated to detect hypoxic tissues.””®! Structures of

some of the prominent radiopharmaceuticals that have been evaluated clinically are shown in

figure 1.3.%2
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Fig. 1.3. Few clinically evaluated nitroimidazole radiopharmaceuticals for detecting hypoxia in
cancerous lesions

[*®F]Fluoromisonidazole  ([**F]FMISO) is probably the most widely used PET
radiopharmaceutical for the clinical imaging of hypoxia.®* Other clinically evaluated PET-

radiopharmaceuticals include [*®*F]JFAZA ([**F]fluoroazomycin arabinofuranoside),?*°
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[*FIFETNIM  ([**F]fluoroerythronitroimidazole),®® [**FIFETA ([**Flfluoroetanidazole),’’
[**FIEF1® and [**F]EF5.%9%

Two important SPECT radiopharmaceuticals clinically evaluated for the detection of
tissue hypoxia are BMS181321 and BRUS59-21.%% Both are 2-nitroimidazole
radiopharmaceuticals containing ™ Tc and showed selective accumulation in hypoxic cells in
several tumor models. However, very high lipophilicity of these complexes resulted in slow
clearance from blood as well as other non-target organs. High background activity due to
slow clearance of the BMS181321 and BRU59-21 often resulted in images with poor contrast
that provided limited clinical information. There are several other SPECT
radiopharmaceuticals to detect tumor hypoxia.®®®” However, none of them possessed the
ideal or near ideal characteristics required for a hypoxia detecting radiopharmaceutical.

Though [®*FJFMISO is widely used for imaging tissue hypoxia, this
radiopharmaceutical also has some undesirable characteristics. [**FJFMISO, owing to its high
lipophilicity, showed uptake in brain and cleared slowly through hepatobiliary route.%®
Apart from these undesirable characteristics, requirement of a cyclotron for the production of
'8F and specialized modules necessary for the preparation of [**F]FMISO adds to the cost of
this radiopharmaceutical. Despite all these factors, [**F]JFMISO continues to be the agent of
choice for the detection of tissue hypoxia. This is mainly because of the absence of an
alternate radiopharmaceutical which can provide equivalent or superior diagnostic
information than [**F]FMISO.

1.9.  Need for a SPECT radiopharmaceutical for detecting hypoxia

The number of PET scanners and cyclotrons in operation all over the world has shown
a sharp increase over the past decade. However, especially in India, number of SPECT
scanners still far exceeds the number of PET scanners. Also, advances being made in the

SPECT hardware and image reconstruction algorithms has significantly improved the spatial
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resolution of the images obtained with SPECT.'® Hence, a hypoxia imaging
radiopharmaceutical using a SPECT radionuclide that can provide diagnostic information
equivalent to or superior than [*®F]FMISO may find wider applicability. Among different
SPECT isotopes, **™Tc would be the natural choice for developing SPECT
radiopharmaceuticals. Because of its optimal decay characteristics, easy availability, low cost
and versatile chemistry, **™Tc is called the ‘Work horse of nuclear medicine’.

1.10. Technetium-99m in nuclear medicine

Carlo Perrier and Emilio Segré may not even have had a faintest of idea about the
importance of their contribution to the field of nuclear medicine when they discovered the
element Technetium (Technetium-95 and Technetium-97 isotopes).’* Later, Segre and Glenn
T. Seaborg isolated the meta-stable isotope, *™Tc. Development of the **Mo/*™Tc generator
by Walter Tucker and Margaret Greene opened the possibility of wide applications in the
field of nuclear medicine. Recent estimates show that *™Tc was used in over 30 million
diagnostic nuclear medical procedures annually (6-7 million are in Europe, 15 million in
North America, 6-8 million in Asia/Pacific and 0.5 million in other regions), half of which
are bone scans, and the other half are roughly divided between kidney, heart and lung
scans.’® Approximately 85 percent of diagnostic imaging procedures in nuclear medicine use
this radionuclide which speaks volumes of its importance in the field of nuclear medicine.

It is a combination of several factors that makes *™Tc a very useful radionuclide for
nuclear medicine applications.'®% *™T¢ decays by ‘isomeric transition’ emitting gamma
photons of energy 140 KeV (abundance 89%), which is ideal for imaging applications (Fig.
1.4). It has a half-life of six hours which is long enough to examine metabolic processes, yet
short enough to minimize the radiation dose to the patient. Being a transition metal,
technetium show variable oxidation states (-1 to +7) making its chemistry versatile enough to

incorporate into a wide variety of suitably modified biologically active molecules.
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Additionally, low cost of production of Mo and availability of *™Tc from *Mo/*™Tc
generator system makes this isotope invaluable in nuclear medicine.

99

Mo

% 7 transition, 71, = 6.01 h
Tc

BTQV’\%—
Tyjp= 211100 y N _Ru

Fig. 1.4. Simplified **Mo decay scheme
1.10.1. **Mo/*®™Tc generator
Walter Tucker and Margaret Greene of Brookhaven National Laboratory developed
the %Mo/**"Tc generator system, which has in actual practice helped the end-users in
radiopharmacy units in the nuclear medicine centers for easy and widespread sourcing of
9mTc 9197 A radionuclide generator is a device in which a long-lived parent and short-lived
daughter exist in radioactive equilibrium, from which the daughter activity could be separated

conveniently at regular intervals with a high degree of radiochemical and radionuclidic

108,109

purity.
e Radiochemical purity — is defined as the percentage of total radioactivity in a

sample due to the required chemical form.
e Radionuclidic purity — is defined as the percentage of total radioactivity in a

sample due to the radionuclide of interest.
Molybdenum-99 (half-life = ~66 h), the parent isotope in **Mo/**™Tc generator system, can
be conveniently produced in a nuclear reactor, either by fission of ?*®U or by neutron
activation of ®*Mo.™° Former method uses high enriched or low enriched **U (reaction cross

section = 600 barns) as target, while the latter method uses natural molybdenum (abundance
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of %Mo = 24.13%, reaction cross section = 0.13 barns) as target. While fission method
produces **Mo with very high specific activity (> 10° Ci/g), direct irradiation of **Mo yields
low specific activity *Mo (< 2Ci/g).

Depending on the methodology of separation of daughter radionuclide from the
parent, generators can be classified into column generators, solvent extraction generators or
sublimation generators.'** Details on the construction and operation of these generator
systems are described elsewhere.!*#113
1.10.2. Radiolabeling with *™Tc: Available options

Radiolabeling is the process of tagging a radionuclide to a molecule through a
chemical bond. The bond can be covalent or coordinate bond. Radioactive halogens are
attached to a molecule by a single covalent bond. However, transition metals form complexes
through multiple coordinate bonds. The molecule with appropriate donor atom(s) which form
coordinate bond with a metal is called a ligand. The number of donor atoms in a ligand is
called its denticity. A ligand with one, two, three, four etc. number of donor atoms are
respectively called monodentate, bidentate, tridentate, tetradetate etc. ligand. Sometimes, the
biomolecule itself can act as a ligand. In cases where biomolecule does not have appropriate
donor atoms, the radiolabeling is carried out by bifunctional chelator approach as described in
section 1.5.

Technetium belongs to the group VIIB of the periodic table with electronic
configuration [Kr]4d®ss' (neutral atom). Being a transition metal, it shows variable
oxidations states between +7 to -1, where +7, +5, +4, +1 and O oxidation states are most
common. Other oxidation states viz. +6, +3 and -1 has been reported, but are rare and very
difficult to stabilize."™* The most stable oxidation state of technetium is +7, which occur in

pertechnetate (**"TcO4) obtained from **Mo/**™Tc generator. Technetium in +7 oxidation

state is least reactive towards any donor atom and hence, not useful for radiopharmaceutical
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applications. Thus, it has to be reduced to lower oxidation state to make it reactive towards
ligands to form *™Tc-complexes useful for radiopharmaceutical applications. This is the core
strategy adopted for the preparation of *™Tc-radiopharmaceuticals.

During reduction of *™TcO, to form **™Tc-complexes, complete reduction of
9MTcO, to %™ Tc-metal is rare, and happens only with certain type of ligands. Generally, one
or two oxygen atoms remain associated with ™ Tc in the complex. ®™Tc together with such
atom(s) is often called ‘technetium core’. Thus, a **™Tc-radiopharmaceutical could be
thought of as formed by radiolabeling a ligand with a *™Tc-core. There are several types of
%™ Tc-cores available for radiolabeling, each having their own advantages. Some of the most
important *™Tc-cores are *™Tc-oxo core [ TcO]**, **™Tc-dioxo core [*®°"TcO,]", *™Tc-
nitrido core [*™TcN]?*, **™Tc-HYNIC core (HYNIC — hydrazine nicotinic acid) and **™Tc-
tricarbonyl core [*™Tc¢(CO)s]* core. Though this thesis concentrates on **™Tc(CO)s-core for
radiopharmaceutical applications, the use of other **™Tc-cores are briefly mentioned.
1.10.2.1. Radiolabeling with [**™TcOJ** and [**™TcO,]" core

The chemistry of *™Tc-oxo core has been thoroughly studied by several authors and
extensive literature is available on this topic.'*>*?°. This is one of the earliest and most widely
used *™Tc-core for radiopharmaceutical applications. Majority of the *™Tc-
radiopharmaceuticals have *™Tc in +5 oxidation state either as [*™Tc(V)O]** or

[®*™Tc(V)0,]" [Fig. 1.5].
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Fig. 1.5. Structure of (a) technetium oxo core [*™Tc(V)O]*" and (b) technetium dioxo core
[®™c(V)O,]". L represents the ligands
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9mTc.oxo complexes are generally square pyramidal, whereas, **™Tc-dioxo complexes are
octahedral. The radiolabeling procedure involves in situ reduction of ®™TcO4 to generate
technetium oxo/dioxo core, which is immedietly stabilized by appropriate ligands to form the
complex. Some of the common reducing agents used for the reduction of **™TcO,  in solution
are stannous chloride, which is useful for reducing **™TcO, under acidic conditions, or,
sodium borohydride (NaBH,4) or sodium dithionite (Na,S,04), which is used under alkaline
conditions.

The formation of mono-oxo or dioxo **™Tc-core in a complex depends on the nature
of the ligand as well as the reducing agent. The classical approach for **™Tc-
radiopharmaceutical preparation involves in situ reduction of **™TcO, in presence of the
ligand. In the absence of any stabilizing ligands, reduction of ®™TcO,4 leads to the formation
of colloidal **™Tc(1V)O,. Hence, while reducing ®™TcO,, it is very important to maintain
sufficient ligand concentration in solution such that the lower oxidation state of *™Tc is
stabilized as soon as it is formed.*** However, this approach has limitations particularly when
the ligand is a receptor binding biomolecule such as peptide, antibody, steroid etc. Excess use
of such ligands can lead to saturation of the receptor binding sites on the target tissue by the
unlabeled ligand, thereby significantly reducing the binding of **™Tc-radiopharmaceutical.
This can compromise the quality of diagnostic information obtained from the images. A
solution to this problem eventually evolved using sodium or calcium salt of glucoheptanoic
acid. This approach involves pre-formation of **™Tc-oxo core with glucoheptanoate ligand.
This intermediate complex was then reacted with the actual ligand to form the required
%™ Tc-radiopharmaceutical. Since ®™Tc core was stabilized using glucoheptanoate, amount of
ligand required to prepare the complex was significantly less compared to the earlier
approach. Some of the clinically used radiopharmaceuticals containing **™Tc-oxo or dioxo

core are shown in Fig. 1.6.
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Fig. 1.6. Some clinically useful radiopharmaceuticals having *™Tc-oxo or dioxo core

The oxidation state of *™Tc in a given complex depends on the nature of the ligand. With
appropriate selection of ligands, complexes of **™Tc in other oxidation state can also be
prepared.m'”“
1.10.2.2. Radiolabeling with [**™TcN]** core

Though, **™Tc-radiolabeling using glucoheptanoate could significantly reduce the
amount of ligand required for the preparation of **™Tc radiopharmaceuticals, stability of the
resulting *™Tc-oxo or *™Tc-dioxo complexes were still an issue. These complexes
decomposed to *™TcO, with time. Efforts to find a solution to this problem lead to several
other ®™Tc-cores. The [*™Tc(V)N]** core [Fig. 1.7], originally reported by Baldas et
al.,'*'% is one such core which is isoelectronic to [*™Tc(V)O]*". This core has recently
found wide applicability in the field of radiopharmaceutical chemistry after Duatti et al.

introduced a simple method for its preparation. >*2°
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Fig. 1.7. Structure of technetium nitrido [**"Tc(V)N]* core

Unlike [*™TcO]** core, [*™TcN]** core is stable under redox conditions and pH variations
which allowed radiolabeling of suitable molecules at lower concentrations.*?” [**™TcN]** core
formed stable complexes with ligands containing soft donor atoms like sulphur, as in
dithiocarbamates and xanthates.!”® With these bidentate chelates, [*™TcN]** precursor
formed symmetric [2+2] complexes with [*™TcN]** moiety occupying the apical position
and the other four donor atoms occupying the basal plane of a square pyramidal structure.?®
131 Some of the radiopharmaceuticals based on [*™TcN]** core that showed potential
myocardial applications are shown in figure1.8. The complex *"TcN(NOEt), [NOEt = N-

ethoxy, N-ethyl dithiocarbamate] is a myocardial agent which went upto phase I11 clinical
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trials.
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Fig. 1.8. Structure of two potential myocardial perfusion imaging agents based on [**™TcN]* core

Apart from symmetric [2+2] [**"TcN]*? complexes, a large number of asymmetric [2+2]
complexes have been prepared using long chain bidentate phosphorus co-ligand (PNP).**344

A unique feature of PNP ligands is that it occupies two cis-positions in the basal plane of the
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[**™TcN]*2 precursor complex leaving the other two cis-positions to be occupied by bidentate
n-donor ligands having NS/OS/ SS donor atoms [Fig. 1.9].***1% This approach is
particularly useful for bulky biomolecules where a symmetric [2+2] complex would probably
result in loss of biological activity due to sterically hindered **™TcN-complex. The PNP
approach offers an additional option to modulate the pharmacokinetics of the complex by

altering the lipophilicity of the complex through appropriate selection of pendant groups in

PNP ligand.
R
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Fig. 1.9. Typical structure of radiopharmaceutical containing *™TcN(PNP) core

1.10.2.3. Radiolabeling with *™Tc-HYNIC core

Hydrazino nicotinic acid [HYNIC] is another BFCA generally used for radiolabeling
peptides, antibodies and antibody fragments with **™Tc. In **™Tc-HYNIC core, *™Tc exist in
+5 oxidation state and it is coordinated to the HYNIC moiety through hydrazine nitrogen.
Since HYNIC generally act as a monodentate chelator, co-ligands are required to fill the
other vacancies of **™Tc. Most common co-ligands for *™Tc-HYNIC systems are tricine and
ethylenediaminediacetic acid (EDDA) [Fig. 1.10(a)]. Structural modifications to co-ligands
or changing the co-ligand as a whole can modulate the hydrophilicity/lipophilicity of the
complex to obtain a desirable in vivo pharmacokinetics. Recently, it has been reported that
use of water soluble phosphine ligands like trisodium triphenylphosphine-3,3',3"-trisulfonate
(TPPTS) ligands along with tricine can also be used to prepare *™Tc-HYNIC complexes with

high specific activity and stability [Fig. 1.10(b)].**>*%®
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Fig. 1.10. Typical structure *™Tc-HYNIC-biomolecule complex using (a) EDDA/tricine as co-ligand
and (b) TPPTS/tricine co-ligand

1.10.2.4. Radiolabeling with *™Tc(CO); core

The [®™Tc(CO)3(H.0)s]" precursor complex introduced by Alberto et al. is a
significant addition to the options available for radiolabeling biomolecules and other small
molecules with *™Tc.**” In [®™Tc(CO)3(H.0)s]* precursor complex, *™Tc exists in +1
oxidation state. Despite low oxidation state of the metal, the stability of **™Tc(CO)s core is
not compromised due to n-back bonding from the filled d-orbital of the metal to the empty
anti-bonding orbital of CO ligand. The three CO ligands in *™Tc(CO); core could be seen
similar to O and N atoms in [*™TcO]*® and [*™TcN]"?, respectively, and they occupy the
three facial positions of a regular octahedron. The other three positions are occupied by
substitution labile water molecules [Fig. 1.11 (a)], which could be replaced with suitable

ligands to form the **™Tc(CO); complexes [Fig. 1.11 (b)].
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Fig. 1.11. Typical structure of (a) [*™Tc(CO)s(H,0)s]" precursor complex and (b) a complex formed

with ligand L

The utility of organometallic complexes, including metal-tricarbonyl complexes, in medicine
was recognized in early nineties.®®*®® However, preparation of such complexes often
involved harsh conditions, which are not conducive for radiopharmaceutical applications.
Alberto et al. developed a novel protocol for the preparation of [*™Tc(CO)s(H.0)s]*
precursor complex, from Na®*™TcOj, in saline using CO gas, which provided impetus for its
application in radiopharmaceuticals.®” Since CO gas was involved, even this procedure was
not entirely suitable for radiopharmaceutical applications, especially in hospitals. An elegant
solution to this problem came from the same group in the form of potassium boranocarbonate
(K2[H3BCO]) which was an in situ source of CO gas.'”® This compound decomposed upon
heating releasing CO gas. Though boranocarbonates were initially reported by Malone and
Parry in 1967, its synthesis involved tedious procedures. Alberto et al. introduced a more
viable method which can be used for the large scale preparation of this compound. This
allowed manufacture of lyophilized kits for the preparation of [*"Tc(CO)3(H.0)s]" precursor
complex, at the same time avoided the use of CO gas. A photograph of lyophilized kit vial
used for the preparation of [**™Tc(CO)s(H,0)s]* precursor complex is shown in figure 1.12.
The three substitution labile water molecules in [*™Tc(CO)s(H,0)s]" precursor complex
allowed radiolabeling with ligands having appropriate donor atoms such as N, O, P, S etc.
The ligands can be mono-, bi-, tridentate or a suitable combination of such ligand

systems.”**8 Cyclopentadienyl ligands also formed very stable complexes with **™Tc(CO)s
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core.’®18 However, difficulty in the preparation of cyclopentadienyl ligands limited

exploration of their utility in the field of radiopharmaceuticals, at least till now.
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Fig. 1.12. Lyophilized kit vial for the preparation of [*™Tc(CO)3(H,0)s]* precursor complex

For radiolabeling with ®™Tc(CO)s core, the biomolecule is synthetically modified to
incorporate appropriate ligands and subsequently reacted with [*°™Tc(CO)s(H,0)s]" precursor
complex. Complexes of the type shown in figure 1.13(a) are generally preferred for small
molecules. Figure 1.13(b) shows the (2+1) approach where a bidentate-monodentate ligand
combination is used for radiolabeling with *™Tc(CO)s core. Here, the biomolecule is
modified into a monodentate or bidentate ligand and the co-ligand is selected accordingly.
The third approach is most common where the biomolecule of interest is modified to possess
a tridentate ligand [Fig.1.13(c)]. Radiolabeling could be performed at very low ligand
concentration but heating may be required in order to achieve quantitative labeling at uM
concentrations. Practically tridentate ligands are found to be most versatile and equally useful
to small as well as large biomolecules except proteins, antibodies or antibody fragments.
Since quantitative radiolabeling using [*™Tc(CO)3(H20)s]* precursor complex require
heating, its applications to complex biomolecules is currently limited. Figure 1.13(d) shows

the typical structure of cyclopentadienyl-**"Tc(CO); complex.
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Fig. 1.13. Different approaches of radiolabeling with *™Tc(CO); core

1.11. Quality control of radiopharmaceuticals

Quality control of radiopharmaceutical is essential before it can be administered in a
biological system. Typical parameters in the quality control of a radiopharmaceutical are
radiochemical purity, pH, appearance etc. Radiochemical purity is assessed by HPLC. The
details on the HPLC procedure are briefly mentioned in subsequent sections. The pH of the
radiopharmaceutical preparation is determined by pH paper. Generally, pH of the preparation
is maintained between 7 and 8 for in vivo applications, and this rule was strictly followed in
the present thesis. The radiopharmaceutical preparation is visually inspected for the presence
of any particulate matter. The preparation should be clear.
1.12. Evaluation of radiopharmaceutials

Preliminary testing of new radiopharmaceuticals is initially carried out in appropriate
animal models to understand its pharmacokinetics in biological system. The results obtained
servers as input for further modifications of the radiopharmaceutical to alter its

pharmacokinetics to suit the requirement. A new radiopharmaceutical may go through such
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cycles several times before a decision could be made whether it is worth evaluating in higher
forms of animals like dogs, pigs, monkeys etc., culminating in human clinical trials. For
tumor targeting radiopharmaceuticals, animals bearing appropriate tumor models are used for
preliminary evaluation. For testing hypoxia detecting radiopharmaceuticals, a hypoxic tumor
model is necessary. A brief description on the hypoxic tumor model used in the present thesis
is provided in Section 1.14.7.

1.13. Brief overview of present thesis

As mentioned in the previous sections, hypoxia is an important parameter to consider
in the clinical management of cancer. Though, [**F]JFMISO is currently being used for
detection and quantification of hypoxia, considering the economic and logistic aspects, a
9™Tc-radiopharmaceutical may find wider applicability. Development of a *™Tc-
radiopharmaceutical for this purpose requires a clear understanding of the influence of
various molecular parameters which decides its overall efficacy in a biological system. This
thesis attempts to understand this core issue rather than to develop an ideal hypoxia detecting
agent. However, information obtained during the work has been utilized to improve the
pharmacokinetics of some of the *™Tc-radiopharmaceuticals reported in this thesis.

Present chapter is an introduction to some of the basic concepts such as hypoxia, their
significance in cancer management, different way of detecting and estimating hypoxia etc.
This chapter also provides an overview of various radiopharmaceuticals evaluated for the
detection of hypoxia and emphasizes the need for a *"Tc-radiopharmaceutical.

Chapter 2 of this thesis in an attempt to understand the effect of SERP, lipophilicity
and charge on nitroimidazole-*"Tc(CO); complexes on their pharmacokinetics. This chapter
describes the logic of envisaging nine nitroimidazole ligands, their synthesis, radiolabeling
with ®™Tc(CO); core, characterization and subsequent biological evaluation in murine tumor

model. The biodistribution results obtained with the different nitroimidazole-**"Tc(CO)s
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complexes are compared with that of [**FJFMISO in the same animal mode and carefully
analyzed to correlate the influence of various molecular properties on their overall efficacy to
detect hypoxic cells.

Chapter 3 of this thesis describes the structural modification of 2-nitroimidazole-
9MTc(CO); complex to alter its pharmacokinetics in a desirable manner. The modified
nitroimidazole complex was evaluated in tumor bearing animal model and the results are
thoroughly discussed.

Chapter 4 describes an attempt to prepare and evaluate a *™Tc-analogue of
misonidazole. This chapter discusses the synthesis of a misonidazole-IDA derivative and its
radiolabeling with *™Tc(CO); core. Iminodiacetic acid was chosen because it clears
relatively slower from blood, compared to the DETA and AEG derivatives evaluated in
Chapter 2, which is essential for the radiotracer to distribute in tumor. This complex was also
evaluated in fibrosarcoma tumor bearing animal model and the results obtained are compared
with that of [**F]FMISO.

Following sections provides the details on materials, synthetic and characterization
methods, procedures involved in biological evaluations etc. which are common to different
chapters of present thesis.

1.14. Common materials and methods

Solvents and some of the common chemicals which are used for the synthesis of
various compounds described in different chapters of this thesis are mentioned here. Other
chemicals which are specific are mentioned in respective chapters. Similarly, techniques used
for the characterization of different compounds, quality control of the prepared complexes,
protocols followed while carrying out in vivo evaluations etc. which are common throughout

the thesis are also briefly described below.
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1.14.1. Solvents and chemicals

Solvents such as acetonitrile and diethylether were purchased from s.d. fine
chemicals, India. Chloroform, ethylacetate, anhydrous sodium sulphate and sodium
hydroxide pellets were purchased from Thomas Baker, India. Anhydrous tetrahydrofuran
(THF), anhydrous ethanol, anhydrous methanol, tert-butyl bromoacetate and 2-nitroimidazole
were purchased from Aldrich, USA. Anhydrous potassium carbonate, triethylamine and
diisopropylethylamine (DIEA) are purchased from Fluka, Germany. Silica gel plates (silica
gel 60 F3s4) used for TLC, silica gel (60-120 mesh) for column chromatography and supra
pure hydrochloric acid were obtained from Merck, India. Sodium pertechnetate was eluted
using normal saline from a **Mo/*™Tc column generator. The [*™Tc¢(CO)s(H20)s]" core was
prepared using Isolink® carbonyl kit vial obtained as a gift from Mallinckrodt Medical B. V.
1.14.2. Characterization of the ligands and intermediate compounds

Most of the synthesized compounds were characterized by IR, *H-NMR and low
resolution mass spectroscopy. Couples of compounds, however, were characterized by IR
only. IR spectra were recorded on a JASCO FT/IR-420 spectrophotometer, Japan. IR spectra
of oily samples were recorded neat by forming a thin film on NaCl plate, whereas the IR
spectra of solid samples were recorded forming a pellet in KBr. *H-NMR of the compounds
were recorded, either on a 300/400 MHz Varian VXR 300S spectrophotometer, USA or 300
MHz Bruker Avancell spectrophotometer, Germany, dissolving the sample in appropriate
deuteriated solvent containing tetramethylsilane (TMS) as the internal standard. For
compounds whose field induction decay files (.fid) could be obtained, the *H-NMR spectra
were plotted using ACD/NMR Processor Academic Edition (Release:12, Product
version:12.01, Build:39104 18 Mar 2010), which is available online. Other spectra were
scanned and reported. Mass spectrum of the target compounds were recorded on a Varian

500MS lon trap mass spectrometer, USA.
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1.14.3. Preparation of [**™Tc(CO)3(H20)s]" precursor complex

The [*™Tc(CO)3(H20)s] * precursor complex was prepared by adding 1 mL of freshly
eluted Na**™TcO, from ®Mo/**™Tc alumina column generator to Isolink® kit vial and heating
at 95°C for 20 min. After cooling and re-equilibrating to atmospheric pressure, the pH of the
reaction mixture was adjusted to 7 using 1:3 mixture of 0.5 M phosphate buffer (pH 7.4):1 N
HCI.
1.14.4. Characterization of [*™Tc(CO)s(H20)s]* precursor complex and various

M T (CO)s/Re(CO); complexes

Various nitroimidazole-*"Tc(CO); complexes prepared in the present work were
characterized by JASCO PU 2080 Plus dual pump HPLC system, Japan, with JASCO 2075
Plus tunable absorption detector and Gina Star radiometric detector system, using a C18
reversed phase HiQ Sil (5 um, 4 x 250 mm) column. About 15 pL of the test solution (~0.37
MBq) was injected into the column. Aqueous 0.05M triethylammonium phosphate (TEAP)
buffer, pH = 2.5 (Solvent A) and methanol (Solvent B) were used as the mobile phase. The
elution started with 100% A from 0 to 6 min. At 6 min the eluent switched to 75% A and
25% B and at 9 min to 66% A and 34% B followed by a linear gradient 66% A/34% B to
100% B from 9 to 20 min. Up to 30 min the eluent remained at 100% B before switching
back to the initial condition. The flow rate was maintained at 1 mL/min. For *™Tc(CO)s
complexes, elution was monitored by observing the radioactivity profile. Percentage
complexation was determined by peak area measurements from the elution profile using the

following formula.

% complexation = (PAcomplex / PAtotal) * 100

Where, PAcomplex = Peak area corresponding to the complex and PAww = Peak area

corresponding to all the peaks in the elution profile.
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For Re(CO)s-complexes, elution was monitored by observing the UV profile. The UV profile
of the Re(CO)s-complexes prepared in macroscopic scale were matched with the
corresponding radioactivity profile of *™Tc(CO)s-complexes prepared at no-carrier-added
(nca) level to establish their structural similarity. Subsequently, the mode of coordination of
the ligand with the metal core was established by *H-NMR spectroscopy of the Re(CO)s-
complex in appropriate deuterated solvent.

1.14.5. Determination of partition coefficient (LogPomw)

Partition coefficient of the prepared *™Tc(CO)s-complexes were determined
following a reported procedure.*® About 100 pL of the labeled compound was mixed with
0.9 mL of double distilled water (DDW) and 1 mL of octanol on a vortex mixer for 3 min.
The mixture was then centrifuged at 3500g for 5 min to effect clear separation of the two
layers. About 0.8 mL of the octanol layer was withdrawn into another test tube and equal
volume of fresh DDW was added. The mixture was vortexed and then centrifuged as
described above. Equal aliquots in triplicate were withdrawn from n-octanol and aqueous
layer and radioactivity associated with each layer was determined in a Nal(TI) counter. The
partition coefficients were calculated using the following equation.

LogPow = LogP[(counts in n-octanol layer)/(counts in aqueous layer)]

1.14.6. Serum stability studies

The stability of the prepared **™Tc(CO)s-complexes in human serum was determined
following a reported procedure. About 50 pL of the labeled compound was added to 0.5 mL
of human serum and this mixture was incubated at 37°C. Equal aliquots (100 uL) were drawn
at 1 h, 2 hand 3 h and an equal volume of ethanol was added to precipitate the serum
proteins. The mixtures were centrifuged and the supernatants were analyzed by HPLC to

assess the stability of the complex in serum.
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1.14.7. Biological evaluation
1.14.7.1. Tumor model

When a radiopharmaceutical is evaluated in murine tumor model, the question
whether the results could be extrapolated to human tumors assumes significance. Adam et al.
had precisely worked on this problem and compared the hypoxic status of several human and
mice tumors.***The study clearly demonstrated that mice tumors are more hypoxic than most
human tumors and could be good hypoxia models. In the present study, a fibrosarcoma tumor
model (HSDM1C1) of murine origin was used. However, very limited reports are available in
the literature where this tumor model is used for hypoxia. Majority of literature report on
hypoxia uses tumors developed using KHT cells, CHO cells etc.2*% Therefore, a direct
comparison of the results obtained with various nitroimidazole complexes from the present
study, with the existing literature reports is not appropriate. Hence, the author evaluated
[*®F]FMISO, presently the radiopharmaceutical of choice for the detection and estimation of
tumor hypoxia, in fibrosarcoma tumor model such that the results can compared with other
nitroimidazole complexes.
1.14.7.2. Biodistribution studies

Swiss mice were used for in vivo distribution study of the labeled complex. Tumor
models were developed by subcutaneous administration of murine fibrosarcoma cell line
(~10° cells/animal) on the dorsal region of the mice. The tumors were allowed to grow till
they reached a size of approximately 1 cm in diameter and then the animals were used for
biodistribution study. The radioactive preparation [~100 uCi (3.7 MBq) per animal] was
injected intravenously into the tumor bearing mice via the tail vein. Individual sets of animals
(n=3) were utilized for studying the biodistribution at different time points (30 min, 60 min,
and 180 min). At the end of various time periods, animals in respective sets were

immediately sacrificed and the relevant organs excised for measurement of retained activity.
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The activity associated with each organ was then measured in a flat-bed type Nal(TI) counter
with suitable energy window for *™Tc. All procedures performed herein were in strict
compliance with the national laws of governing the conduct of animal experiments.
1.14.8. Statistical analysis

Whereever applicable, statistical analysis of relevant data was performed by one-way
analysis of variance (ANOVA). Confidence level of 95% (p<0.05) was taken for statistical

significance.
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CHAPTER 2
ANALYSIS OF THE EFFECT OF DIFFERENT PROPERTIES OF
NITROIMIDAZOLE-*"T¢(CO); COMPLEXES ON THEIR IN VIVO UPTAKE AND

RETENTION IN HYPOXIC TUMOR

Although we often hear that data speak for themselves, their voices can be soft and sly.

— Frederick Mostelle, An eminent statistician of the 20th century
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2.1.  Introduction

One of the possible reasons for the unsuccessful attempts to develop a hypoxia
imaging radiopharmceutical superior to [**F]FMISO is the unclear understanding on the
optimal combination of physico-chemical properties of the radiotracer. This is especially true
for SPECT-based radiopharmaceuticals containing metallic radionuclides of transition group
such as *™Tc, which may form charged complexes. A charge on the complex can alter its
pharmacokinetics compared to the neutral compounds, thus leading to additional complexity.
However, this apparent ‘complication’ may as well be considered as a tool to fine-tune the
pharmacokinetics of the complex in a desirable manner.

The effect of lipophilicity on the in vitro distribution behavior of complexes has been
reported.’®> A potential problem with such studies is the possibility of overlooking the
interdependence between the various factors that decides the overall efficacy of a radiotracer
in vivo. However, literature report which collectively deals with the effect of different
properties, that decides the overall efficacy and clinical utility of a radiopharmaceutical for
detecting and quantifying tissue hypoxia, is lacking.

For the nitroimidazole radiopharmaceuticals, properties like SERP, lipophilicity and
charge are the main factors that decide their pharmacokinetics. This chapter focuses on a
comprehensive evaluation of the influence of such factors on the overall efficacy of
nitroimidazole radiopharmaceuticals to detect tumor hypoxia. To achieve this objective, three
series of 2-, 4- and 5- nitroimidazole ligands having tridentate ligands, viz. iminodiacetic acid
(IDA), diethylenetriamine (DETA) and aminoethyl glycine (AEG), were envisaged and
synthesized. These ligands upon radiolabeling with [**™Tc(CO)s(H,0)s]" precursor, formed
complexes with different overall charge, SERP and lipophilicity. Biological evaluation of
these complexes were carried out in fibrosarcoma tumor bearing animal model and the results

obtained were carefully analyzed to understand the influence of these properties on the
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overall pharmacokinetics of the radiotracer in vivo. [**F]JFMISO was also evaluated in the
same animal model, as a reference standard, and the results are compared with other
nitroimidazole-*"Tc(CO); complexes.
2.2.  Materials and methods

3-Bromopropylamine hydrobromide, 1,3-dibromopropane, 4-nitroimidazole, 2-(tert-
butoxycarbonyloxyimino)-2-phenylacetonitrile (BOC-ON), diethylenetriamine, N-Boc-
ethylenediamine were purchased from Sigma-Aldrich, USA. Other common chemicals used
and methods followed in the present chapter are mentioned in Chapter 1, Section 1.14.
2.3.  Synthesis
2.3.1. Synthesis of IDA derivatives of 2-, 4- and 5-nitroimidazole

The synthesis of IDA derivatives of 2-, 4- and 5- nitroimidazole are shown in figure

2.1. The target compounds (2L1-2L.3) are shown in boxes.
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Fig. 2.1. Synthesis of IDA derivatives of nitroimidazole (i) tert-butyl bromoacetate, DIEA, acetonitrile,
25°C (ii) 4-nitroimidazole, anhyd. K,COs, acetonitrile, reflux (iii) 2-nitroimidazole, anhyd. K,COs,
acetonitrile, reflux (iv) 6N HCI, 25°C
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2.3.1.1. Synthesis of N,N-bis((tert-butoxycarbonyl)methyl)-3-bromopropylamine (2a)

To 3-bromopropylamine hydrobromide (0.5 g, 2.3 mmol) in acetonitrile (15 mL),
DIEA (1.04 g, 8.05 mmol) and tert-butylbromoacetate (0.94 g, 4.8 mmol) were added and the
reaction mixture stirred at room temperature till completion of reaction (cf.TLC). The solvent
was removed in vaccuo and the residue was worked-up as described in Section 2.3.4.
Compound 2a was purified by silica gel column chromatography eluting with chloroform
(0.84 g, 82%). Ry (Ethyl acetate) = 0.83. IR (neat, cm™): 2980 (m); 2939 (m); 1741 (vs); 1444
(m); 1371 (m); 1252 (s); 1190 (vs); 1144 (w); 1030 (s); 993 (w); 918 (w); 864 (w); 731 (w);
649 (w); 565 (w). 'H-NMR (CDCls, & ppm): 1.46 (s, 18H, -N(CH,CO,C(CHs)s),); 2.03
(quintet, 2H, J = 5.3 Hz, BrCH,CH,CH,N-); 2.90 (t, 2H, J = 5.3 Hz, BrCH,CH,CH.N); 3.47
(s, 4H, -N(CH,CO,C(CH3)s)2); 3.5 (t, 2H, J = 5.3 Hz, BrCH,CH,CH,N-) [Fig. 2.2]. MS(ESI')
m/z: 364.4 (M-H)".
2.3.1.2. Synthesis of N,N-bis((tert-butoxycarbonyl)methyl)-3-(2-nitro-1H-imidazol-1-yl)-

propane-1-amine (2b)

To 2-nitroimidazole (0.17 g, 1.5 mmol) in acetonitrile (15 mL), crushed K,CO;3 (0.41
g, 3 mmol) was added and the suspension stirred for 15 min. To this suspension, compound
2a (0.52 g, 1.36 mmol) was added and the mixture refluxed till completion of the reaction (cf.
TLC). The solvent was removed in vaccuo and further work-up was carried out following the
general procedure described in Section 2.3.4. Compound 2b was obtained by silica gel
chromatography using chloroform/ethyl acetate (80:20 v/v) mixture as the eluent (0.51 g, 94
%). R¢ (Ethyl acetate) = 0.7. IR (neat, cm™): 3124 (m); 2977 (m); 2931 (m); 1737 (vs); 1543
(s); 1491 (m); 1336 (m); 1222 (m); 1147 (vs); 1077 (m); 982 (m); 938 (w); 850 (m); 823 (m);
754 (m); 658 (m). *H-NMR (CDCls, & ppm): 1.47 (s, 18H, -N(CH,CO,C(CHs)s).); 1.98
(quintet, 2H, J = 6.0 Hz, 2-nitroimidazole-CH,CH,CH,N-); 2.73 (t, 2H, J = 6.0 Hz, 2-

nitroimidazole-CH,CH,CH,N-); 3.39 (s, 4H, -N(CH>CO,C(CHj3)3),); 4.60 (t, 2H, J = 6.0 Hz,
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2-nitroimidazole-CH,CH,CH,N-); 7.12 (s, 1H, 2-nitroimidazole C5-H); 7.35 (s, 1H, 2-
nitroimidazole C4-H) [Fig. 2.3]. MS(ESI") m/z: 399.4 (M+H)".
2.3.1.3. Synthesis of N,N-bis((tert-butoxycarbonyl)methyl)-3-(4-nitro-1H-imidazol-1-yl)-
propane-1-amine (2c) and N,N-bis((tert-butoxycarbonyl)methyl)-3-(5-nitro-1H-
imidazol-1-yl)-propane-1-amine (2d)

To 4-nitroimidazole (0.22 g, 1.93 mmol) in acetonitrile (15 mL), crushed K,COs3 (0.53
g, 3.86 mmol) was added and the suspension stirred for 15 min. To this suspension,
compound 2a (0.60 g, 1.6 mmol) was added and the mixture refluxed till completion of the
reaction (cf. TLC). Thereafter, solvent was removed in vaccuo and further work-up was
carried out following the general procedure described in Section 2.3.4. The 4- and 5-
nitroimidazole tert-butyl ester derivatives were separated by silica gel chromatography using
diethyl ether as the eluent. The 4-nitroimidazole-tert-butylester derivative (2c) was obtained
in an overall yield of 65 % (0.42 g) and the 5-nitroimidazole-tert-butylester derivative (2d)
was obtained in 15 % (0.10 g) overall yield.
Compound 2c: Ry (Diethyl ether) = 0.52. IR (neat, cm™): 3134 (m); 2980 (m); 2929 (m); 1734
(vs); 1540 (s); 1500 (m); 1337 (m); 1225 (m); 1150 (vs); 1071 (m); 988 (m); 940 (w); 854
(m); 823 (m); 761 (m); 659 (m). H-NMR (CDCl;, & ppm): 1.46 (s, 18H, -
N(CH2CO,C(CHz3)3)2); 1.92 (quintet, 2H, J = 6.0 Hz, 4-nitroimidazole-CH,CH,CH;,N-); 2.71
(t, 2H, J = 6.0 Hz, 4-nitroimidazole-CH,CH,CH,N-); 3.36 (s, 4H, -N(CH,CO,C(CHs)3),);
4.28 (t, 2H, J = 6.0 Hz, 4-nitroimidazole-CH,CH,CH;,N-); 7.56 (s, 1H, 4-nitroimidazole C2-
H); 7.88 (s, 1H, 4-nitroimidazole C5-H) [Fig. 2.4]. MS (ESI") m/z: 399.4 (M+H)".
Compound 2d: R; (Diethyl ether) = 0.72. IR (neat, cm™): 3130 (m); 2980 (m); 2931 (m);
1733 (vs); 1540 (s); 1497 (m); 1336 (m); 1222 (m); 1147 (vs); 1070 (m); 987 (m); 938 (w);
854 (m); 823 (m); 760 (m); 658 (m). 'H-NMR (CDCl;, & ppm): 1.46 (s, 18H, -

N(CH,CO,C(CH3)3)2); 1.93 (quintet, 2H, J = 6.0 Hz, 5-nitroimidazole-CH,CH,CH,N-); 2.71
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(t, 2H, J = 6.0 Hz, 5-nitroimidazole-CH,CH,CH,N-); 3.37 (s, 4H, -N(CH2CO,C(CHj3)3)>);
4.57 (t, 2H, J = 6.0 Hz, 5-nitroimidazole-CH,CH,CH,N-); 7.82 (s, 1H, 5-nitroimidazole C2-
H); 8.0 (s, 1H, 5-nitroimidazole C4-H) [Fig. 2.5]. MS(ESI™) m/z: 399.3 (M+H)".
2.3.1.4. Synthesis of ligands 2L1 —2L3

Compounds 2b, 2c and 2d (0.25 mmol) were hydrolyzed following the general
procedure described in Section 2.3.5 to obtain the target ligands 2L1 (96%), 2L2 (90%) and
2L.3 (97%), respectively, as the hydrochloride salt.
2,2'-((3-(2-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L1):
IR (KBr, cm™) 3136 (m); 2970 (m); 2847 (m); 1760 (vs); 1724 (s); 1559 (m); 1499 (m); 1392
(m); 1350 (m); 1230 (m); 1198 (m); 1138 (s); 1006 (w); 860 (m); 827 (m); 751 (w); 653 (m).
'H-NMR (D0, & ppm) 2.23 (quintet, 2H, J = 8.1 Hz, 2-nitroimidazole-CH,CH,CH;N-); 3.32
(m, 2H, 2-nitroimidazole-CH,CH,CH,N-); 3.88 (s, 4H, -N(CH,CO2H),); 4.21 (m, 2H, 2-
nitroimidazole-CH,CH,CH,N-); 7.35 (s, 1H, 2-nitroimidazole C5-H); 7.45 (s, 1H, 2-
nitroimidazole C4-H) [Fig. 2.6]. MS(ESI") m/z: 285.0 (M-H) [Fig. 2.7].
2,2'-((3-(4-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L2):
IR (KBr, cm™) 3132 (m); 2975 (m); 2847 (m); 1761 (vs); 1727 (s); 1559 (m); 1498 (m); 1394
(m); 1350 (m); 1231 (m); 1182 (m); 1140 (s); 1015 (w); 861 (m); 829 (m); 758 (w); 656 (m).
'H-NMR (D0, & ppm) 2.23 (quintet, 2H, J = 7.5 Hz, 4-nitroimidazole-CH,CH,CH;N-); 3.27
(m, 2H, 4-nitroimidazole-CH,CH,CH,N-); 3.96 (s, 4H, -N(CH2CO,H),); 4.14 (t, 2H, J=7.5
Hz 4-nitroimidazole-CH,CH,CH;,N-); 7.65 (s, 1H, 4-nitroimidazole C2-H); 8.10 (s, 1H, 4-
nitroimidazole C5-H) [Fig. 2.8]. MS(ESI") m/z: 286.6 (M-H) [Fig. 2.9].
2,2'-((3-(5-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L3):
IR (KBr, cm™) 3130 (m); 2974 (m); 2847 (m); 1763 (vs); 1724 (s); 1559 (m); 1499 (m); 1392
(m); 1350 (m); 1230 (m); 1180 (m); 1140 (s); 1014 (w); 861 (m); 827 (m); 758 (w); 654 (m).

'H-NMR (D0, & ppm) 2.27 (quintet, 2H, J = 7.5 Hz, 5-nitroimidazole-CH,CH,CH;N-); 3.42
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(m, 2H, 5-nitroimidazole-CH,CH,CH2N-); 4.04 (s, 4H, -N(CH,CO;H),); 4.52 (m, 2H, 5-
nitroimidazole-CH,CH,CH,N-); 8.26 (s, 1H, 5-nitroimidazole C2-H); 8.46 (s, 1H,
nitroimidazole C4-H) [Fig. 2.10]. MS(ESI") m/z: 285.0 (M-H) [Fig. 2.11].

2.3.1.5. Preparation of Re(CQO)3 complex of ligand 2L1 (2e)

The compound  bis(tetraethylammonium)-fac-tribromotricarbonylrhenate  was
prepared following a procedure reported by Alberto et al.'®® The rhenium analogue of 2-
nitroimidazole-IDA-[**"Tc(CO)s] was prepared by reacting sodium salt of 2-nitroimidazole-
IDA  derivative (0.12 g, 041 mmol) with bis(tetraethylammonium)-fac-
tribromotricarbonylrhenate (0.33 g, 0.45 mmol) in water (5 mL). The reaction mixture was
refluxed for 12 h and then cooled to room temperature. The precipitate formed was removed
by filtration and the filtrate upon evaporation gave the target compound 2e as
tetraethylammonium salt (0.12 g, 52%). IR (KBr, cm™) 3130 (m); 2984 (m); 2950 (m); 2692
(w); 2016 (vs); 1878 (vs); 1646 (s); 1491 (w); 1395 (m); 1337 (m); 1288 (w); 1183 (w); 1133
(W). *H-NMR (D0, & ppm) 1.15 (m, 24H, [N(CH2CHs)s].); 2.20 (quintet, 2H, J = 8.3 Hz, 2-
nitroimidazole-CH,CH,CH,N-); 3.14 (g, 16H, J = 7.4 Hz, [N(CH2CH3)4]2); 3.39 (m, 2H, 2-
nitroimidazole-CH,CH,CH,N-); 3.54 (d, 2H, J = 16.3 Hz, -NCHaHg CO-); 3.76 (d, 2H, J =
16.3 Hz, -NCHaHgCO-); 4.13 (t, 2H, J = 7.4 Hz, 2-nitroimidazole-CH,CH,CH,N-); 7.23 (s,

1H, 2-nitroimidazole C5-H); 7.41 (s, 1H, 2-nitroimidazole C4-H) [Fig. 2.12].
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Fig. 2.6. "H-NMR spectrum of 2,2'-((3-(2-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L.1)
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Fig. 2.7. ESI-MS of 2,2'-((3-(2-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L1)
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Fig. 2.8. "H-NMR spectrum of 2,2'-((3-(4-nitro-1H-imidazol-1-yl)propyl)imino) diacetic acid (2L.2)
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Fig. 2.9. ESI-MS of 2,2'-((3-(4-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L2)
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Fig. 2.10. *H-NMR spectrum of 2,2'-((3-(5-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L3)
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Fig. 2.11. ESI-MS of 2,2'-((3-(5-nitro-1H-imidazol-1-yl)propyl)imino)diacetic acid (2L3)

48



j
P~
—_— o
81
-
wn
Q
b —
o
=3 O
o .
A | = ]
wn
o
jo
— i |
.%ﬂ'
,cp_j
=
[a]
. W— =
,@NI
710_1
.
wn
e ——— W]
1.NI
<
TE™
2 |Ew
—
=
]
o n
. ]
©
o
o |Em
o
«
o)

39
1.0 0.9
oo

2.5
—
40

= \ CcO
Nv\/ N ~ N_"/RE<_CO
o,N }O CO
(6]

Fig. 2.12. "H-NMR spectrum of Re(CO); complex of ligand 2L1 (2e)

49

1.0

15

20

4.5 4.0 35 3.0 25

5.0

55

6.0

6.5

7.0

75

8.0

85

Chemical Shift (ppm)



2.3.2. Synthesis of DETA derivatives of 2-, 4- and 5-nitroimidazole

The synthesis of IDA derivatives of 2-, 4- and 5- nitroimidazole are shown in figure

2.13. The target compounds (2L4-2L6) are shown in boxes.

SR @
[NHZ NHBoc Br N N
[NH i NH ii § iii § vi §
NH, NHBoc N N N
NHBoc NHBoc NHBoc NHBoc NH» NH,
2f 29 2h L4
lv \iv
N N N.__NO, N.__NO,
1 . &y 7
N N N N
NO, ) > NO, § _ §
vi vi
N N N N
NH, NH> NHBoc NHBoc  NHBoc  NHBoc NH, NH,
2L6 2 2 2L5
(@)
05N
O2N - >-_\_\ /E(NOZ
N=/ NN BT NN BT
2k

(b)

Fig. 2.13. Synthesis of DETA derivatives of nitroimidazole (i) BOC-ON, DIEA, tetrahydrofuran, 0°C
(ii) 1,3 dibromopropane, DIEA, acetonitrile, reflux (iii) 2-nitroimidazole, DIEA, acetonitrile, reflux
(iv) 4-nitroimidazole, DIEA, acetonitrile, reflux (v) 2k, DIEA, acetonitrile, reflux (vi) 6N HCI, 25°C

2.3.2.1. Synthesis of tert-butyl 2-(2-(tert-butoxycarbonyl)aminoethyl)aminoethyl carbamate
(2f)

Selective protection of primary amine groups of diethylenetriamine was carried out

using BOC-ON.** Diethylenetriamine (0.95 g, 9.2 mmol) in dry tetrahydrofuran (20 mL)

was cooled to 0°C in an ice bath. BOC-ON dissolved in dry tetrahydrofuran (10 mL) was
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added dropwise to this solution over a period of 3 h with continuous stirring. On completion
of the addition, the reaction mixture was brought to room temperature and the stirring was
continued for another 24 h. The solvent was removed using rotary evaporator. The pale
yellow residue was dissolved in chloroform (100 mL) and washed with 10% NaOH (50 mL
portions) till organic layer turned colorless. The organic layer was washed with brine (50 mL)
and dried over anhydrous sodium sulphate. The solvent was removed in vaccuo and the
residue was purified by silica gel column chromatography eluting with ethyl acetate (2.34 g,
84%). R¢ (Methanol) = 0.70. IR (neat, cm™): 3342(w); 2976 (m); 2932(w); 2854(w);
2816(w); 1695(s); 1528(m); 1455(w); 1391(w); 1366(m); 1774(m); 1750(m); 1172(s);
781(w). 'H-NMR (CDCls & ppm): 1.41 (s, 18H, ((CH3)sCO(CO)NHCH,CH,),NH); 2.71 (t,
4H, J = 59 Hz, ((CH3)s;CO(CONHCH,CH,),NH); 3.19 (m, 4H,
((CH3)sCO(CO)NHCH,CH,),NH) [Fig. 2.14]. MS(ESI*): 304.4 (M+H)*.
2.3.2.2. Synthesis of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-
bromopropyl)amino)ethyl carbamate (2g)

To compound 2f (0.55 g, 1.8 mmol) in acetonitrile (5 mL), DIEA (0.35 g, 2.7 mmol)
and 1,3-dibromopropane (3.6 g, 18 mmol) were added and the mixture was refluxed for 24 h
with continuous stirring. The solvent was removed in vaccuo and further work-up was carried
out following the general procedure described in Section 2.3.4. Pure compound 2g was
obtained by silica gel column chromatography eluting with diethyl ether (0.35 g, 45%). R¢
(Diethyl ether) = 0.66. IR (neat, cm™): 3345(w); 2975 (m); 2926(w); 2850(w); 2814(W);
1694(s); 1517(m); 1455(w); 1391(w); 1365(m); 1774(m); 1749(m); 1171(s); 783(w). *H-
NMR (CDCls, & ppm): 1.45 (s, 18H, ((CH3)sCO(CO)NHCH,CH,);N-); 1.98 (quintet, 2H, J =
6.9 Hz, BrCH,CH,CH,N-); 2.56 (t, 4H, J = 5.4 Hz, ((CH3)3;CO(CO)NHCH,CH,),N-); 2.62 (t,
2H, J = 6.9 Hz, BrCH,CH,CH,N-); 3.19 (m, 4H, ((CH3)sCO(CO)NHCH,CH,),N-); 3.47 (¢,

2H, J = 6.9 Hz, BrCH,CH,CH,N-) [Fig. 2.15]. MS(ESI*): 426.4 (M+H)".

51



2.3.2.3. Synthesis of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-(2-nitro-1H-
imidazol-1-yl)propyl)amino)ethyl carbamate (2h)

To compound 2g (0.1 g, 0.24 mmol) in acetonitrile (5 mL), DIEA (0.07 g, 0.54 mmol)
and 2-nitroimidazole (0.04 g, 0.36 mmol) were added and the reaction mixture was refluxed
for 12 h with continuous stirring. The solvent was removed in vaccuo and further work-up
was carried out following the general procedure described in Section 2.3.4. Pure compound
2h was obtained by silica gel column chromatography eluting with ethyl acetate (0.1 g, 87
%). Rf (Ethyl acetate) = 0.56. IR (neat, cm™): 3345 (m); 3115(w); 2972 (m); 2931 (m);
2853(w); 2818(w); 1699 (s); 1530 (s); 1471 (m); 1369 (m); 1251 (m); 1173 (s); 1122(m);
1062 (w); 972 (m); 917 (w); 859 (w); 825 (w); 745 (w); 656 (w). ‘H-NMR (CDCls & ppm):
1.43 (s, 18H, ((CH3);CO(CO)NHCH,CH,),N-); 2.05 (quintet, 2H, J = 7.5 Hz, 2-
nitroimidazole-CH,CH,CH,N-); 2.55 (m, 6H, ((CH3)sCO(CO)NHCH,CH,),NCH,-); 3.20
(m, 4H, ((CH3)3sCO(CO)NHCH.CH,);N-); 4.46 (t, 2H, J = 7.5 Hz, 2-nitroimidazole-
CH,CH,CH,N-); 7.14 (s, 1H, 2-nitroimidazole-C5-H); 7.20 (s, 1H, 2-nitroimidazole-C4-H)
[Fig. 2.16]. MS(ESI*): 457.4 (M+H)".
2.3.2.4. Synthesis of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-(4-nitro-1H-

imidazol-1-yl)propyl)amino)ethyl carbamate (2i)

To compound 2g (0.1 g, 0.24 mmol) in acetonitrile (5 mL), DIEA (0.07 g, 0.54 mmol)
and 4-nitroimidazole (0.04 g, 0.36 mmol) were added and the reaction mixture refluxed for
12 h with continuous stirring. Thereafter, the solvent was removed in vaccuo and further
work-up was carried out following the general procedure mentioned in Section 2.3.4. Pure
compound 2i was obtained by silica gel column chromatography eluting with ethyl acetate
(0.09 g, 79 %). R (Ethyl acetate) = 0.41. IR (neat, cm™): 3342 (m); 3111(w); 2976 (m); 2930
(m); 2853(w); 2819(w); 1695 (s); 1529 (s); 1475 (m); 1368 (m); 1250 (m); 1170 (s);

1121(m); 1065 (w); 972 (m); 917 (w); 858 (w); 827 (w); 744 (w); 654 (w). 'H-NMR
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(CDCl3, 6 ppm): 1.44 (s, 18H, ((CH3)sCO(CO)NHCH,CH,),N-); 1.99 (quintet, 2H, J = 7.1

Hz, 4-nitroimidazole-CH,CH,CH,N-); 2.57 (m, 6H, ((CH3)3;CO(CO)NHCH,CH,),NCH-);

3.20 (m, 4H, ((CH3)3CO(CO)NHCH2CH2)2N-); 4.12 (t, 2H, J = 7.1 Hz, 4-nitroimidazole-

CH,CH,CH;,N-); 7.52 (s, 1H, 4-nitroimidazole-C2-H); 7.86 (s, 1H, 4-nitroimidazole-C5-H)

[Fig. 2.17]. MS(ESI*): 457.4 (M+H)".

2.3.2.5. Synthesis of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-(5-nitro-1H-
imidazol-1-yl)propyl)amino)ethyl carbamate (2j)

Synthesis of compound 2j involved two steps.

a) Synthesis of 1-(3-bromopropyl)-5-nitro-1H-imidazole (2k)

To 4-nitroimidazole (1 g, 9 mmol) in acetonitrile (50 mL), DIEA (1.75 g, 14 mmol)
and 1, 3-dibromopropane (9 g, 45 mmol) were added and the reaction mixture stirred at room
temperature for 48 h. The reaction mixture was filtered and the filtrate was evaporated to
dryness using rotary evaporator. Further work-up was carried out following the general
procedure described in Section 2.3.4. Pure compound 2k was obtained by silica gel column
chromatography eluting with diethyl ether (0.23 g, 11%). R¢ (Diethyl ether) = 0.47. IR (neat,
cm™): 3114 (w); 2969 (w); 2923 (w); 1529 (s); 1371 (vs); 1121 (vs); 741 (s); 650(w). *H-
NMR (CDCl3 6 ppm): 2.39 (quintet, 2H, J = 6.3 Hz, 5-nitroimdazole-CH,CH,CH,Br); 3.36
(t, 2H, J = 6.3 Hz, 5-nitroimidazole-CH,CH,CH,Br); 4.59 (t, 2H, J = 6.3 Hz, 5-
nitroimidazole-CH,CH,CH,Br); 7.74 (s, 1H, 5-nitroimidazole-C2-H); 8.03 (s, 1H, 5-
nitroimidazole-C4-H) [Fig. 2.18]. MS(ESI") m/z: 233.8 (M+H)".

(b) Synthesis of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-(5-nitro-1H-imidazol-1-
yhpropyl)amino)ethyl carbamate (2j)

To compound 2k (0.07 g, 0.31 mmol) in acetonitrile (5 mL), DIEA (0.06 g, 0.47
mmol) and compound 2f (0.15 g, 0.47 mmol) were added and the reaction mixture refluxed

for 12 h with continuous stirring. The solvent was removed in vaccuo and further work-up
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was carried out following the general procedure described in Section 2.3.4. Pure compound 2j
was obtained by silica gel column chromatography eluting with ethyl acetate. (0.09 g, 66%).
Rr (Ethyl acetate) = 0.53. IR (neat, cm™): 3342 (m); 3111(w); 2976 (m); 2930 (m); 2853(w);
2819(w); 1695 (s); 1529 (s); 1475 (m); 1368 (m); 1250 (m); 1170 (s); 1121(m); 1065 (w);
972 (m); 917 (w); 858 (w); 827 (w); 744 (w); 654 (w). 'H-NMR (CDCls & ppm): 1.44 (s,
18H, ((CH3)3CO(CO)NHCH,CH,);N-); 1.96 (quintet, 2H, J = 7.1 Hz, 5-nitroimidazole-
CH,CH,CH,N-); 2.55 (m, 6H, ((CH3)sCO(CO)NHCH,CH,),NCH,CH,CH,-); 3.20 (m, 4H,
((CH3)3CO(CO)NHCH,CH,),N-); 4.41 (t, 2H, J = 7.1 Hz, 5-nitroimidazole-CH,CH,CH,N-);
7.68 (s, 1H, 5-nitroimidazole-C2-H); 8.01 (s, 1H, 5-nitroimidazole-C4-H) [Fig. 2.19]. MS
(ESI*): 457.4 (M+H)*,
2.3.2.6. Synthesis of ligands 2L4 — 2L6

Compounds 2h, 2i and 2j (0.25 mmol) were hydrolyzed following the general
procedure described in Section 2.3.5 to obtain the target ligands 2L.4 (86%), 2L5 (91%) and
2L.6 (89%), respectively, as the hydrochloride salt.
N*-(2-aminoethyl)-N*-(3-(2-nitro-1H-imidazol-1-yl)propyl)ethane-1,2-diamine hydrochloride
(2L4):
IR (neat, cm™): 3433 (s); 3114 (w); 3013 (w); 2921 (w); 2863 (w); 1624 (m); 1531 (m); 1480
(m); 1375 (m); 1301 (w); 1268 (w); 1236 (w); 1129 (w); 1022 (w); 835 (w); 773 (w); 732
(w). *H-NMR (D0, 8 ppm): 2.13 (quintet, 2H, J = 7.2 Hz, 2-nitroimidazole-CH,CH,CH,N-);
2.85 (t, 2H, J = 7.2 Hz, 2-nitroimidazole-CH,CH,CH,N-); 2.98 (t, 4H, J = 6.6 Hz,
(NH2CH,CH,);N-); 3.18 (t, 4H, J = 6.6 Hz, (NH,CH,CH,),N-); 4.50 (t, 2H, J = 7.2 Hz, 2-
nitroimidazole-CH,CH,CH,N-); 7.18 (s, 1H, 2-nitroimidazole-C5-H); 7.48 (s, 1H, 2-
nitroimidazole-C4-H) [Fig. 2.20]. MS(ESI"): 257.8 (M+H)" [Fig. 2.21].
N*-(2-aminoethyl)-N*-(3-(4-nitro-1H-imidazol-1-yl)propyl)ethane-1,2-diamine hydrochloride

(2L5):
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IR (neat, cm™): 3438 (s); 3112 (w); 3009 (w); 2922 (w); 2861 (w); 1626 (m); 1530 (m); 1479
(m); 1378 (m); 1303 (w); 1267 (w); 1239 (w); 1123 (w); 1021 (w); 833 (w); 777 (w); 729
(w). *H-NMR (D,0, 8 ppm): 2.02 (quintet, 2H, J = 7.2 Hz, 4-nitroimidazole-CH,CH,CH;N-);
2.66 (m, 2H, 4-nitroimidazole-CH,CH,CH;N-); 2.84 (m, 4H, (NH,CH,CH>),N-); 3.03 (m,
4H, (NH2CH2CH,),N-); 4.08 (t, 2H, J = 7.2 Hz, 4-nitroimidazole-CH,CH,CH:N-); 7.67 (s,
1H, 4-nitroimidazole-C2-H); 8.13 (s, 1H, 4-nitroimidazole-C5-H) [Fig. 2.22]. MS(ESI):
257.3 (M+H)" [Fig. 2.23].
N*-(2-aminoethyl)-N*-(3-(5-nitro-1H-imidazol-1-yl)propyl)ethane-1,2-diamine hydrochloride
(2L6):

IR (neat, cm™): 3432 (s); 3110 (w); 3013 (w); 2922 (w); 2863 (w); 1625 (m); 1530 (m); 1475
(m); 1379 (m); 1301 (w); 1265 (w); 1238 (w); 1125 (w); 1017 (w); 831 (w); 771 (w); 734
(w). *H-NMR (D0 & ppm): 2.22 (quintet, 2H, J = 7.2 Hz, 5-nitroimidazole-CH,CH,CH;N-);
3.06 (t, 2H, J = 7.2 Hz, 5-nitroimidazole-CH,CH,CH,N-); 3.18 (m, 4H, (NH,CH,CH,):N-);
3.28 (m, 4H, (NH,CH,CH;),N-); 4.54 (t, 2H, J = 7.2 Hz, 5-nitroimidazole-CH,CH,CH;,N-);
8.27 (s, 1H, 5-nitroimidazole-C2-H); 8.31(s, 1H, 5-nitroimidazole-C4-H) [Fig. 2.24].
MS(ESI*): 257.4 (M+H)" [Fig. 2.25].

2.3.2.7. Preparation of Re(CQO)3; complex of 2L6 (2I)

Compound 2L6 (0.08 g, 0.2 mmol) was dissolved in water (5 mL) and the pH of the
solution was adjusted to 6 with 0.1 N NaOH. To this solution bis(tetraethylammonium)-fac-
tribromotricarbonylrhenate (0.15 g, 0.2 mmol), prepared following a reported procedure’®
was added and the mixture was heated at 50°C for 12 h. The precipitate formed was removed
by filtration and the filtrate upon evaporation gave the target compound 21 (0.04 g, 32%). IR
(KBr, cm™): 3130 (m); 2984 (m); 2950 (m); 2692 (w); 2016 (vs); 1878 (vs); 1646 (s); 1491
(w); 1395 (m); 1337 (m); 1288 (w); 1183 (w); 1133 (w). *H-NMR (D;O, & ppm): 2.39

(quintet, 2H, J = 7.9 Hz, 5-nitroimidazole-CH,CH,CH,N-); 2.89 and 3.00 (m, 4H,
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(HzNCHgCﬂz)zNCHgCHgCHz-); 3.15 (m, ((HzNCHzCHz)zNCﬂgCHgCH2-); 3.44 and 3.90
(m, 4H, (H,NCH,CH;);,NCH,CH,CH,N-); 4.45 (t, 2H, J = 7.9 Hz, 5-nitroimidazole-
CH,CH,CH,N-); 7.99 (s, 1H, 5-nitroimidazole-C2-H); 8.11 (s, 1H, 5-nitroimidazole-C4-H)

[Fig. 2.26]. MS(ESI®): 528.2 (M+H)" [Fig. 2.27].
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Fig. 2.14. *H-NMR spectrum of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)amino)ethyl
carbamate (2f)
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Fig. 2.15. "H-NMR spectrum of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-
bromopropyl)amino)ethyl carbamate (2g)
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Fig. 2.16. *H-NMR spectrum of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-(2-nitro-1H-
imidazol-1-yl)propyl)amino)ethyl carbamate (2h)
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Fig. 2.19. *H-NMR spectrum of tert-butyl 2-((2-(tert-butoxycarbonyl)aminoethyl)(3-(5-nitro-1H-
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Fig. 2.21. ESI-MS of N*-(2-aminoethyl)-N*-(3-(2-nitro-1H-imidazol-1-yl)propyl)ethane-1,2-diamine
hydrochloride (2L4)
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Fig. 2.23. ESI-MS of N*-(2-aminoethyl)-N*-(3-(4-nitro-1H-imidazol-1-yl)propyl) ethane-1,2-diamine
hydrochloride (2L5)
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Fig. 2.25. ESI-MS of N*-(2-aminoethyl)-N*-(3-(5-nitro-1H-imidazol-1-yl)propyl)ethane-1,2-diamine
hydrochloride (2L6)
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Fig. 2.27. ESI-MS of Re(CO); complex of 2L6 (21)
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2.3.3. Synthesis of AEG derivatives of 2-, 4- and 5-nitroimidazole

The synthesis of AEG derivatives of 2-, 4- and 5- nitroimidazole are shown in figure

2.28. The target compounds (2L7-2L9) are shown in boxes.
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Fig. 2.28. Synthesis of AEG derivatives of nitroimidazoles (i) tert-butyl bromoacetate, DIEA,
acetonitrile, 0°C (ii) 1,3 dibromopropane, DIEA, acetonitrile, reflux (iii) 2-nitroimidazole, DIEA,
acetonitrile, reflux (iv) 4-nitroimidazole, DIEA, acetonitrile, reflux (v) 2k, DIEA, acetonitrile, reflux
(vi) 6N HCI, 25°C

2.3.3.1. Synthesis of tert-butyl 2-((tert-butoxycarbonyl)methylamino)ethyl carbamate (2m)
To an ice cooled solution of N-Boc-ethylenediamine (1 g, 6.28 mmol) and DIEA
(0.65 g, 5.04 mmol) in acetonitrile (10 mL) tert-butyl bromoacetate (0.98 g, 5.04 mmol) was
added drop-wise over a period of 3 h with vigorous stirring. After the addition was complete,
the reaction mixture was brought to room temperature and the stirring continued for another
12 h. The solvent was removed in vaccuo and further work-up was carried out following the
general procedure described in Section 2.3.4. Compound 2m was obtained by silica gel
column chromatography eluting with ethyl acetate (0.99 g, 72%). R¢ (Ethyl acetate) = 0.5. IR
(neat, cm™): 3343 (w); 2977 (m); 2931(w); 1730 (s); 1714 (s); 1517 (w); 1454 (w); 1392 (w);

1366 (m); 1248 (m); 1158 (s); 1045 (w); 847 (w); 780 (w). *H-NMR (CDCls & ppm): 1.47 (s,
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18H, (CHs)sCO(CO)CH,NHCH,CH,NH(CO)OC(CHs)s); 2.75 (t, 2H, J = 57 Hz,

(CH3)3CO(CO)CH;NHCH,CH,;NH(CO)OC(CHj3)3); 3.23 (m, 2H,

(CH3)3CO(CO)CH;NHCH,CH,NH(CO)OC(CHs)3); 3.31 (s, 2H, (CHs3);CO(CO)CH,NH

CH,CH,NH(CO)OC(CHs)3) [Fig. 2.29]. MS(ESI*): 275.4 (M+H)".

2.3.3.2. Synthesis of tert-butyl 2-(((tert-butoxycarbonyl)methyl)(3-bromopropyl)amino)ethyl
carbamate (2n)

To compound 2m (0.68 g, 2.46 mmol) in acetonitrile (5 mL), DIEA (0.35 g, 2.7
mmol) and 1,3-dibromopropane (4.97 g, 24.6 mmol) were added and the mixture refluxed for
24 h with continuous stirring. The solvent was removed in vaccuo and the residue was
worked-up following the general procedure described in Section 2.3.4. Compound 2n was
obtained by silica gel column chromatography eluting with chloroform (0.70 g, 72%). R¢
(Chloroform) = 0.55. IR (neat, cm™): 3345(w); 2975 (m); 2926(w); 2850(w); 2814(w);
1694(s); 1517(m); 1455(w); 1391(w); 1365(m); 1774(m); 1749(m); 1171(s); 783(w). *H-
NMR (CDCl; & ppm): 1.46 (s, 18H, (CH3)sCO(CO)CH,N(-) CH,CH,NH(CO)OC(CHs)s);
1.99 (quintet, 2H, J = 6.6 Hz, BrCH,CH,CH,N-); 2.72 (t, 2H, J = 5.9 Hz, -(CO)CH,N(-
)CH,CH,NH-); 2.75 (t, 2H, J = 6.6 Hz, BrCH,CH,CH,N-); 3.18 (m, 2H, -(CO)CH,N(-
)CH,CHoNH-); 3.22 (s, 2H, -(CO)CH,N(-)CH,CH,NH-); 3.48 (t, 2H, J = 6.6 Hz,
BrCH,CH,CH,N-) [Fig. 2.30]. MS(ESI*): 395.4 (M+H)".
2.3.3.3. Synthesis of tert-butyl 2-(((tert-butoxycarbonyl)methyl)(3-(2-nitro-1H-imidazol-1-

yhpropyl)amino)ethyl carbamate (20)

To compound 2n (0.42 g, 1.06 mmol) in acetonitrile (5 mL), DIEA (0.23 g, 1.75
mmol) and 2-nitroimidazole (0.13 g, 1.1 mmol) were added and the reaction mixture refluxed
for 12 h with continuous stirring. The solvent was removed in vaccuo and further work-up
was carried out following the general procedure described in Section 2.3.4. Compound 20

was obtained by silica gel column chromatography eluting with ethyl acetate (0.40 g, 89%).

65



R (Ethyl acetate) = 0.8. IR (neat, cm™): 3413 (w); 3116 (w); 2976 (m); 2928 (m); 2855 (W);
1714 (s); 1538 (m); 1487 (m); 1455 (w); 1365 (s); 1250 (w); 1159 (s); 1074 (w); 835 (w); 784
(w). 'H-NMR (CDCl;; & ppm): 145 (s, 9H, (CH3)sCO(CO)CH,N(-)
CH,CH;NH(CO)OC(CHa)s); 148 (s, 9H, (CHs);CO(CO)CH,N(-)CH,CH;NH
(CO)OC(CHa3)3); 1.98 (quintet, 2H, J = 6.6 Hz, 2-nitroimidazole-CH,CH,CH,N-); 2.63 (t,
2H, J = 6.3 Hz, -(CO)CH;N(-)CH,CH2NH-); 2.75 (t, 2H, J = 6.6 Hz, 2-nitroimidazole-
CH,CH,CH,N-); 3.22 (m, 4H, -(CO)CH,N(-)CH,CH,NH-); 4.54 (t, 2H, J = 6.6 Hz, 2-
nitroimidazole-CH,CH,CH,N-); 7.12 (s, 1H, 2-nitroimidazole-C5-H); 7.27 (s, 1H, 2-
nitroimidazole-C4-H) [Fig. 2.31]. MS(ESI®): 450.4 (M+Na)".

2.3.3.4. Synthesis of tert-butyl 2-(((tert-butoxycarbonyl)methyl)(3-(4-nitro-1H-imidazol-1-

yhpropyl)amino)ethyl carbamate (2p)

To compound 2n (0.15 g, 0.38 mmol) in acetonitrile (5 mL), DIEA (0.06 g, 0.46
mmol) and 4-nitroimidazole (0.05 g, 0.42 mmol) were added and the reaction mixture
refluxed for 12 h with continuous stirring. After the solvent was removed in vaccuo, further
work-up was carried out following the general procedure mentioned in Section 2.3.4.
Compound 2p was obtained by silica gel column chromatography eluting with diethyl ether
(0.12 g, 72%). R¢ (Diethyl ether) = 0.3. IR (neat, cm™): 3404 (w); 3127 (w); 2976 (w); 2919
(w); 2849 (w); 1731 (w); 1698 (s); 1541 (m); 1513 (w); 1455 (w); 1366 (w); 1337 (w); 1287
(w); 1247 (w); 1156 (s); 975 (w); 854 (w). 'H-NMR (CDCls, & ppm): 1.41 (s, 9H,
(CH3)3sCO(CO)CH,N(-)CH,CH,NH(CO)OC(CHs)s); 1.43 (s, 9H, (CHs)sCO(CO)CH,N(-
)CH,CH,;NH(CO)OC(CHz3)3); 1.98 (quintet, 2H, J = 6.6 Hz, 4-nitroimidazole-CH,CH,CH;,N-
); 2.65 (M, 4H, -CH,CH,CH,N(-)CH,CH,NH-); 3.15 (m, 4H, -(CO)CH,N(-)CH,CH,NH-);
4.19 (t, 2H, J = 6.6 Hz, 4-nitroimidazole-CH,CH,CH,N-); 7.50 (s, 1H, 4-nitroimidazole-C2-

H); 7.84 (s, 1H, 4-nitroimidazole-C5-H) [Fig. 2.32]. MS(ESI®): 450.4 (M+Na)".
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2.3.3.5. Synthesis of tert-butyl 2-(((tert-butoxycarbonyl)methyl)(3-(5-nitro-1H-imidazol-1-
yl)propyl)amino)ethyl carbamate (2q)

To compound 2k (0.07 g, 0.31 mmol) in acetonitrile (5 mL), DIEA (0.6 g, 0.47 mmol)
and compound 2m (0.13 g, 0.47 mmol) were added and the reaction mixture refluxed for 12 h
with continuous stirring. The solvent was removed in vaccuo and further work-up was carried
out following the general procedure mentioned in Section 2.3.4. Compound 2g was obtained
by silica gel column chromatography eluting with diethyl ether (0.09 g, 70%). R¢ (Diethyl
ether) = 0.55. IR (neat, cm™): 3402 (w); 3109 (w); 2976 (m); 2930 (w); 2860 (w); 1713 (s);
1529 (m); 1474 (m); 1368 (s); 1248 (m); 1157 (s); 1145 (w); 854 (w); 826 (W); 744 (w). 'H-
NMR (CDCl3 & ppm): 1.45 (s, 9H, (CH3)sCO(CO)CH;N(-) CH,CH,NH(CO)OC(CHs)s);
1.48 (s, 9H, (CH3)3CO(CO)CH:N(-)CH,CH,; NH(CO)OC(CHa)s); 1.94 (quintet, 2H, J = 6.4
Hz, 5-nitroimidazole-CH,CH,CH,N-); 2.61 (t, 2H, J = 6.4 Hz, 5-nitroimidazole-
CH,CH,CH,N-); 2.68 (t, 2H, J = 6.2 Hz, -CH,N(-)CH,CH,NH-); 3.21 (m, 4H, -CH,N(-
)CH,CH,;NH-); 4.50 (t, 2H, J = 6.4 Hz, 5-nitroimidazole-CH,CH,CH;N-); 7.72 (s, 1H, 5-
nitroimidazole-C2-H); 8.01 (s, 1H, 5-nitroimidazole-C4-H) [Fig. 2.33]. MS(ESI"): 450.5
(M+Na)®.
2.3.3.6. Synthesis of ligands 2L7 — 2L9

Compounds 20, 2p and 2q (0.25 mmol) were hydrolyzed following the general
procedure described in Section 2.3.5 to obtain the target ligands 2L7 (90%), 2L.8 (84%) and
2L.9 (90%), respectively, as the hydrochloride salt.
2-(N-(2-aminoethyl)-N-(3-(2-nitro-1H-imidazol-1-yl)propyl)amino) acetic acid (2L7):
IR (KBr, cm™): 3430 (m); 3206 (m); 3130 (w); 2990 (w); 2928 (w); 2679 (w); 2596 (w);
1688 (s); 1504 (w); 1487 (m); 1468 (w); 1357 (s); 1163 (m); 963 (m); 834 (m); 753 (w). H-
NMR (DO, 6 ppm): 2.27 (quintet, 2H, J = 7.9 Hz, 2-nitroimidazole-CH,CH,CH;N-); 3.37

(m, 4H, 2-nitroimidazole-CH,CH,CH,N(-)(CH.CH>-)); 3.49 (m, 2H, 2-nitroimidazole-
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CH,CH,CH,N(-)(CH,CH2NHy));  3.84 (s, 2H,  2-nitroimidazole-CH,CH,CH,N(-
)CH,COQOH); 4.45 (t, 2H, J = 7.9 Hz, 2-nitroimidazole-CH,CH,CH,;N(-)CH,COOQOH); 7.09 (s,
1H, 2-nitroimidazole-C5-H); 7.37 (s, 1H, 2-nitroimidazole-C4-H) [Fig. 2.34]. MS(ESI’):
271.3 (M)" [Fig. 2.35].
2-(N-(2-aminoethyl)-N-(3-(4-nitro-1H-imidazol-1-yl)propyl)amino) acetic acid (2L38):
IR (KBr, cm™): 3432 (m); 3200 (m); 3131 (w); 2994 (w); 2924 (w); 2675 (w); 2596 (W);
1689 (s); 1506 (w); 1484 (m); 1470 (w); 1358 (s); 1165 (m); 964 (m); 837 (m); 755 (w). 'H-
NMR (D20, 6 ppm): 2.39 (quintet, 2H, J = 4.8 Hz, 4-nitroimidazole-CH,CH,CH;N-); 3.40
(m, 4H, 4-nitroimidazole-CH,CH,CH,N(-)(CH,CH,;NH,)); 3.62 (t, 2H, J = 7.5 Hz, -
CH,CH,CH,N(-)(CH,CH,NH,)); 4.03 (s, 2H, -CH,CH,CH,N(-)CH,COOH); 4.27 (t, 2H, J =
4.8 Hz, 4-nitroimidazole-CH,CH,CH;N-); 7.79 (s, 1H, 4-nitroimidazole-C2-H); 8.24 (s, 1H,
4-nitroimidazole-C5-H) [Fig. 2.36]. MS(ESI") m/z: 271.4 (M)" [Fig. 2.37].
2-(N-(2-aminoethyl)-N-(3-(5-nitro-1H-imidazol-1-yl)propyl)amino) acetic acid (2L9):
Compound 2q (0.05 g, 0.15 mmol) was hydrolyzed as per the general procedure
described in Section 2.3.5 to obtain compound 2L9 as the hydrochloride salt. The
hydrochloride salt was further purified by recrystallization from methanol/ether (0.05 g,
90%). IR (KBr, cm™): 3435 (m); 3201 (m); 3133 (w); 2991 (w); 2931 (w); 2675 (w); 2599
(w); 1689 (s); 1500 (w); 1489 (m); 1465 (w); 1360 (s); 1164 (m); 961 (m); 835 (m); 756 (w).
'H-NMR (DO, & ppm): 2.41 (quintet, 2H, J = 4.8 Hz, 5-nitroimidazole-CH,CH,CH;N-);
342 (m, 4H, 5-nitroimidazole-CH,CH,CH,N(-)(CH,CH;NH,)); 3.60 (m, 2H, -
CH>CH2CH,N(-)(CH,CH,NH,)); 4.10 (s, 2H, -CH,CH,CH,N(-)CH,COOH); 4.45 (t, 2H, J =
4.8 Hz, 5-nitroimidazole-CH,CH,CH;N-); 8.28 (s, 1H, 5-nitroimidazole-C2-H); 8.35 (s, 1H,

5-nitroimidazole-C4-H) [Fig. 2.38]. MS(ESI®): 271.4 (M)" [Fig. 2.39].
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2.3.3.7. Preparation of Re(CQO)3; complex of 2L8 (2r)

Complex 2r was prepared following the same procedure described for the preparation
of complex 2l (Section 2.3.2.9), from compound 2L8 (0.07 g, 0.18 mmol) and
bis(tetraethylammonium)-fac-tribromotricarbonylrhenate (0.14 g, 0.18 mmol) in water (5 mL,
pH = 6). Overall yield obtained is 38% (0.04 g). IR (KBr, cm™): 3132 (m); 2984 (m); 2953
(m); 2695 (w); 2017 (vs); 1878 (vs); 1646 (s); 1492 (w); 1395 (m); 1339 (m); 1287 (w); 1182
(w); 1133 (w). *H-NMR (D,0, & ppm): 1.97 (quintet, 2H, J = 7.62 Hz, 4-nitroimidazole-
CH,CH,CH,N-); 2.40 (t, 2H, 7.62, 4-nitroimidazole-CH,CH,CH,N(-)(CH,CH;NH,)); 2.63
and 3.25 (m, -CH,CH,CH,N(-)(CH.CH,NH,)); 3.85 (m, 2H, -CH,CH,CH,N(-)CH,COOH);
4.06 (t, 2H, 4-nitroimidazole-CH,CH,CH,N-); 7.65 (s, 1H, 4-nitroimidazole-C2-H); 8.11 (s,

1H, 4-nitroimidazole-C5-H) [Fig. 2.40]. MS(ESI"): 566.2 (M+H)" [Fig. 2.41].

/! FAIRNP, I
0.5 2019 1.9 18.

85 8.0 75 7.0 65 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0 05 0
Chemical Shift (ppm)

Fig. 2.29. *H-NMR spectrum of tert-butyl 2-((tert-butoxycarbonyl)methylamino)ethyl carbamate (2m)
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2.3.4. General work-up procedure for compounds 2a-2d, 2g-2k and 2m-2q
The residue obtained after the removal of the solvent of reaction was dissolved in
chloroform (30 mL) and washed with water (15 mL x 3) followed by brine (30 mL). The
organic phase was dried over anhydrous sodium sulphate, concentrated and purified by silica
gel column chromatography using appropriate solvent.
2.3.5. General procedure for the hydrolysis of Boc- and tert-butyl ester groups in
compounds 2b — 2d, 2h — 2j and 20 — 2q
The respective compound was dissolved in minimum volume of methanol and added to 6N
HCI (5 mL). The reaction mixture was stirred at room temperature for 12 h. The solvent was
removed using a rotary evaporator at 40°C to yield the corresponding hydrochloride salt.
2.4. Radiolabeling
2.4.1. General procedure for the preparation of **"Tc(CO); complexes of ligands 2L1-2L.9
About 100 pL of [*™Tc(CO)s(H,0)s]* precursor, prepared following the procedure
described in Chapter 1, Section 1.14.3, was added to 900 pL of 10° M solution of the
respective ligand in phosphate buffer (pH 7.4) and incubated for 45 min at 70°C in a water
bath. The reaction mixture was then cooled to room temperature and characterized by HPLC.
2.5.  Quality control
The HPLC analysis, determination of partition coefficient and in vitro serum stability
of different ®™Tc(CO); complexes prepared are carried out following the general protocol
described in Chapter 1, Sections 1.14.4, 1.14.5 and 1.14.6 respectively.
2.6. Biological evaluation
Development of the tumor model and the procedures followed for carrying out
biological evaluation of different nitroimidazole-*™Tc(CO); complexes are described in

Chapter 1, Sections 1.14.7.
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2.7.  Results and discussion
2.7.1. Synthesis

For studying the effect of physicochemical properties of nitroimidazole

radiopharmceuticals on their pharmacokinetics, a series of nitroimidazole ligands were

synthesized. The structure of nitroimidazole ligands (2L1 — 2L9) are shown in figure 2.42.
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Fig. 2.42. Chemical structures of various nitroimidazole ligands

The SERP of a nitroimidazole depends on the position of the nitro-group as well as the nature
and position of other groups in the imidazole ring. The ligands synthesized for the present
study had one of the three tridentate ligands, viz. IDA, DETA or AEG, connected to the

nitroimidazole moiety at one of the imidazole N-atom through a propyl spacer (Fig. 2.42).
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Adams et al. had observed that groups that are separated by two or more bonds from the
nitroimidazole ring had minimal effect on its SERP.*® Hence, it was assumed that variation
in SERP’s due to this synthetic modification will be insignificant for different 2-
nitroimidazole (2L1, 2L4, 2L7), 4-nitroimidazole (2L2, 2L5, 2L8), and 5-nitroimidazole
(2L3, 2L6, 2L9) derivatives, and the trend observed in the SERP’s of unsubstituted 2-, 4- and
5-nitroimidazole (-418 mV, -527 mV, -450 mV with respect to standard hydrogen electrode,
respectively) will also be valid with their respective derivatives.'*® Therefore, with this set of
nine ligands, corresponding **™Tc(CO); complexes with different SERP could be prepared.

It has been reported that IDA-ligands upon radiolabeling with [**™Tc(CO)3(H,0)s]*
precursor form complexes with overall charge of -1.'*® Similarly, DETA ligands formed
complexes with overall charge of +1'®® and nitroimidazole-AEG ligands formed neutral
complexes (Fig. 2.43). Hence, using the ligands 2L.1-2L9, complexes with different overall
charge could be prepared.
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Fig. 2.43. Probable structure of **™T¢(CO); complexes formed by IDA, DETA and AEG ligands
Due to the structural diversity of these complexes, their lipophilicity values will be different.
Thus, nine different nitroimidazole-*"Tc(CO); complexes with different SERP’s, charges
and lipophilicities could be prepared using the ligands 2L.1-2L9.

The ligands were synthesized via bifunctional chelator approach (Fig. 2.1). The
BFCA 2a [N,N-bis((tert-butoxycarbonyl)methyl)-3-bromopropylamine], was synthesized

from 3-bromopropylamine hydrobromide and tert-butyl bromoacetate. Subsequently, the
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BFCA was conjugated to the 2-nitroimidazole to obtain the corresponding tert-butyl ester
derivative (2b). However, 5-nitroimidazole derivative could not be prepared by a similar
reaction, since 5-nitroimidazole is not available commercially. Due to its instability in
solution, emerging from higher acidity of its -NH- proton, 5-nitroimidazole tautomerizes to
more stable 4-nitroimidazole. Earlier, Rao et al. reported the formation of 5-nitroimidazole
derivative during base mediated N-alkylation of 4-nitroimidazole.**® Following similar
strategy, base-catalyzed N-alkylation of 4-nitroimidazole with BFCA 2a was carried out, and
it was found that tert-butyl esters of both 5-nitroimidazole (2d) and 4-nitroimidazole (2c)
were formed.?® However, the yield (~15%) of 5-nitromidazole derivative 2d was much less
than that of 4-nitroimidazole derivative 2¢c (~65%). The two derivatives were separated by
column chromatography. The tert-butyl esters of 2-, 4- and 5-nitroimidazoles (2a-2c) were
then hydrolyzed to obtain the target ligands 2L.1-2L 3.

The synthesis of nitroimidazole-DETA ligands (2L4-2L6) was carried out following a
strategy similar to that for IDA ligands (Fig. 2.13). Compounds 2h and 2i were synthesized
by coupling 2- and 4-nitroimidazole, respectively, to BFCA 2g. In this case also, the
formation of 5-nitroimidazole derivative was observed. However, the yield of isomeric 5-
nitroimidazole derivative 2j was too low to be of any practical utility. Therefore, compound
2j was synthesized by an alternate route from compound 2k and 2f under basic condition
[Fig. 2.13(b)]. Compound 2k could be obtained from 4-nitroimidazole and 1,3-
dibromopropane under basic condition. Compounds 2h-2j are subsequently hydrolyzed to
yield nitroimidazole-DETA ligands 2L.4-2L6.

The AEG derivatives of 2-, 4- and 5-nitroimidazole (2L7-2L9) were also synthesized
by BFCA approach (Fig. 2.28). It is pertinent to note that 5-nitroimidazole isomer, 2q, was
formed in better yield (~10% overall) than compound 2j (~4% overall) in the reaction

between 4-nitroimidazole and compound 2n. Purified compounds, 20-2q, upon acidic
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hydrolysis gave the target ligands 2L7-2L9, respectively, as hydrochloride salts. All
compounds were characterized by IR, "H-NMR as well as low resolution mass spectrometer.
The *H-NMR and mass spectra of the compounds were consistent with the expectations.
2.7.2. Radiolabeling, quality control and characterization

Nitroimidazole ligands (2L1-2L9) were radiolabeled with [*™Tc(CO)s(H20)s]"
precursor to obtain corresponding *"Tc(CO); complexes. As mentioned in Chapter 1,
Section 1.10.2.4, [*™Tc(CO)s(H20)s]* precursor complex could be prepared in two ways.
The classical method involves the use of carbon monoxide gas as the CO source. The
modified method uses potassium boranocarbonate as a source for CO gas. In the present
thesis, [*™Tc(CO)s(H.0)s]* precursor complex was prepared using lyophilized Kits,
following the procedure briefly mentioned in Chapter 1, Section 1.14.3. General procedure
for the preparation of nitroimidazole-*"Tc(CO)s complexes is mentioned in Section 2.2.3.1.
All the complexes were characterized by HPLC. The HPLC elution profile of
[®™Tc(CO)s(H,0)s]" core, nitroimidazole-IDA-**"Tc(CO); complexes and nitroimidazole-
DETA-*"Tc¢(CO); complexes are shown in figure 2.44. The HPLC elution profile of
nitroimidazole-AEG-*"Tc(CO); complexes are shown in figure 2.45. The octanol/water
partition coefficients (LogPo/w) of the complexes, determined following reported protocol,**°
are summarized in Table 2.1. The serum stability studies of the prepared complexes did not

showed any sign of decomposition during the period of study.

Table 2.1. LogP,, of different nitroimidazole-**"Tc(CO); complexes

IDA-P"Tc(CO);  DETA-"Tc(CO); AEG-""Tc(CO);

complex complex complex
2-nitroimidazole 0.48 0.28 0.06
4-nitroimidazole 0.43 0.17 -0.43
5-nitroimidazole 0.39 0.15 -0.53
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Fig. 2.44. HPLC elution profile of (a) [*™Tc(CO)s(H,0)s]* precursor complex (b) 2-nitroimidazole-
IDA-*™T¢(CO); complex (c) 4-nitroimidazole-IDA-*"T¢(CO); complex (d) 5-nitroimidazole-1DA-
%MT¢(CO); complex (e) 2-nitroimidazole-DETA-*"T¢(CO); complex (f) 4-nitroimidazole-DETA-
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Fig. 2.45. HPLC elution profile of (a) 2-nitroimidazole-AEG-*"T¢(CO); complex (b) 4-
nitroimidazole-AEG-*"T¢(CO); complex and (c) 5-nitroimidazole-AEG-*"T¢(CO); complex

To elucidate the mode of binding of nitroimidazole ligand with the **™Tc(CO)s core,
corresponding Re(CQO)s; complexes of ligands 2L1, 2L6 and 2L8 were prepared. The
procedure followed for the preparation of Re(CQO)3; complexes is described in experimental
section. It could be observed that elution profiles of Re(CO); complexes, 2L.1, 2L.6 and 2L38,
matched with their **"Tc(CO)s counterparts, prepared at nca level (Fig. 2.46), which
indicated the formation of similar type of complexes, both at the nca level as well as
macroscopic level. Observation of (M+H)" ion peak at m/z 528.2, and (M+H)" ion peak at
m/z 566.2, provided additional evidence for the formation of 5-nitroimidazole-DETA-
Re(CO); and 4-nitroimidazole-AEG-Re(CO); complexes, respectively. The 'H-NMR
spectrum of Re(CO); complex of 2L1 (Fig. 2.12) showed two AB quartets, centered at 3.54 &
ppm and 3.78 & ppm respectively, corresponding to the -N(CHACHgCO-), proton, which
otherwise appeared as a singlet at 3.88 & ppm in ligand 2L1 (Fig. 2.6). This change in the *H-

NMR pattern is consistent with tridentate coordination of the IDA ligand to the metal core.?**
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Fig. 2.46. HPLC elution profile of (a) 2-nitroimidazole-IDA-Re(CO); complex (b) 5-nitroimidazole-
DETA-Re(CO); complex and (c) 4-nitroimidazole-AEG-Re(CQO); complex

The 'H-NMR spectrum of 5-nitroimidazole-DETA-Re(CO); complex (21) also showed a
complex splitting pattern, typical of AB spin systems, corresponding to the eight methylene
protons of the dietheylenetriamine moiety, which indicated tridentate coordination between
the three nitrogen atoms of diethylenetriamine ligand and Re(CO); metal core [Fig. 2.26].%%
The eight methylene protons appeared as multiplets in four groups centered at 2.87 & ppm,
3.00 & ppm, 3.47 6 ppm and 3.90 & ppm each integrating to 2 protons. Similar, complicated,
splitting pattern, which could be observed in the *H-NMR spectrum of 4-nitroimidazole-
AEG-Re(CO); complex (2r) [Fig. 2.40], together with the disappearance of singlet at 4.03 6
ppm, corresponding to the two methylene protons of acetic acid moiety in the uncomplexed
ligand (Fig. 2.36), indicated tridentate coordination between aminoethyl glycine and Re(CO)3
core.?®? The sample used for recording the spectrum, however, contained significant amount

of tetraethylammonium bromide, because of which the splitting pattern of four ethylene

protons is not clearly evident. The spectrum is, hence, a qualitative one. Considering the
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spectroscopic evidences, the proposed structure of Re(CO); complexes of ligands 2L.1, 2L6
and 2L8 is as in figure 2.47. Since the HPLC chromatograms of the Re(CO); complexes of
ligands 2L1, 2L6 and 2L.8 matched with corresponding *™Tc(CO); complexes prepared at
the nca level, tridentate coordination similar to Re(CO)s; complexes could be assumed

between the nitroimidazole ligands and the *™T¢(CO)s core.
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Fig. 2.47. Structure of Re(CO); complexes of (a) 2L.1 (b) 2L6 and (c) 2L8

2.7.3. Biological evaluation

All the *™T¢(CO); complexes as well as [**F][FMISO was evaluated in fibrosarcoma
tumor bearing Swiss mice following the general protocol mentioned in Chapter 1, Section
1.14.7.2. The activity in tumor shown by different nitroimidazole-**"Tc(CO); complexes and
[**F]FMISO are shown in Figure 2.48. At 30 min p.i., small differences were observed in
tumor uptake among different nitroimidazole-IDA-*"Tc(CO); complexes [0.97(0.06),
0.56(0.17), 0.45(0.09) %ID/g for 2-, 4- and 5-nitroimidazole derivatives, respectively] and
nitroimidazole-AEG-*"T¢(CO); complexes [1.33(0.28), 1(0.11), 0.91(0.03) %ID/g for 2-, 4-
and 5-nitroimidazole derivatives, respectively]. However, these differences were not
significant (p>0.05) for the 4- and 5-nitroimidazole complexes of either groups. Among the
three DETA-*"Tc(CO); complexes, no significant differences were observed in tumor
uptake at 30 min p.i. [1.05 (0.25), 1.1 (0.07) and 1.07 (0.09) %ID/g for 2-, 4- and 5-

nitroimidazole derivatives, respectively]. At the same reference time, [**FJFMISO showed
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significantly higher uptake in tumor [4.65 (0.86) %ID/g] than any of the nitroimidazole-

99mTc(CO); complexes evaluated in the present study.
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Fig. 2.48. Activity of (a) 2-, 4-, 5- nitroimidazole-IDA-*"T¢(CO); complexes (b) 2-, 4-, 5-

nitroimidazole-DETA-*"T¢(CO); complexes (c) 2-, 4-, 5- nitroimidazole-AEG-*"Tc(CO); complexes
and (d) [**F]JFMISO in tumor at different time points

These observations could not be explained considering the SERP of nitroimidazole
complexes alone. Also, Zhang et al. had studied a number of 2-nitroimidazole *™Tc
complexes with P values ranging from 0.0002 to 5 (LogP ranging from -3.7 to 0.70) and they
have observed that variation in aerobic cell accumulation of the radiotracer in vitro is within a
very narrow range.”> Since lipophilicity values of different nitroimidazole-**"Tc(CO)s
complexes being evaluated are within the range from -3.7 to 0.70, the observed variation in
tumor uptake may not be due to the lipophilicity. However, a possible explanation could be

obtained considering the blood clearance pattern of respective radiotracers [Fig. 2.49].
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Fig. 2.49. Clearance of activity of (a) 2-, 4-, 5- nitroimidazole-IDA-*"Tc(CO); complexes (b) 2-, 4-,
5- nitroimidazole-DETA-*"Tc(CO); complexes, (¢) 2-, 4-, 5- nitroimidazole-AEG-*"Tc(CO),
complexes and (d) [**F]JFMISO from blood at different time points

A radiotracer that clears slowly from blood enables it to distribute better in tumor, by passive
diffusion, along the concentration gradient established between blood and the intracellular
environment of the tumor. The rate of diffusion depends on the lipophilicity of the
radiotracer, where a more lipophilic tracer diffuses faster than a less lipophilic one.
Considering the deteriorated vasculature that could be expected in a tumor, the radiotracer
may have to traverse a longer diffusion path from the blood vessels to distribute across the
entire tumor mass. This requires the concentration gradient of the radiotracer between blood
and intra-tumoral environment to hold for sufficient period of time to facilitate efficient and
complete distribution of the radiotracer in the tumor. Fast clearance of activity from the blood

can lead to early reversal of concentration gradient which may affect the distribution of the
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radiotracer in the tumor mass. Reversal of the concentration gradient of the radiotracer
between blood and intra-tumoral environment can also initiate the clearance of unreduced
radiotracer from the tumor, thereby significantly decreasing the tumor residence time of the
radiotracer. The observed tumor uptake of different radiotracers at 30 min p.i. may be the
resultant of these two effects happening in varying proportions. At 30 min p.i., about 4% ID/g
of [**F]FMISO activity was observed in blood, whereas, only about 1% or less blood activity
was observed for nitroimidazole-DETA as well as nitroimidazole-AEG **™T¢(CO)s
complexes which implies that concentration gradient of [**F]JFMISO between blood and
intra-tumoral environment is higher and holding for a longer time than that of other
nitroimidazole-DETA and nitroimidazole-AEG **™T¢(CO); complexes. Consequently,
[*®F]FMISO showed higher tumor uptake compared to the latter group of complexes.

The three nitroimidazole-IDA-*"Tc(CO); complexes cleared more slowly than
DETA and AEG-**"T¢(CO); complexes. Accordingly, they showed relatively higher tumor
uptake than DETA and AEG-*"Tc(CO); complexes, but lower than [**F]JFMISO. It is
pertinent to note that, while tumor uptake (%ID/g) observed with [**F]FMISO as well as
different DETA and AEG-*"Tc(CO); complexes at 30 min p.i. were similar or slightly
higher than their respective activity in blood (expressed in %ID/g), the tumor uptake
observed with nitroimidazole-IDA®*™Tc(CO); complexes were lower, despite having higher
lipophilicity and blood activity than DETA and AEG **™Tc¢(CO); complexes. Pauletti et al.
had reported similar observations where tripeptides with comparable sizes diffused across the
cell membrane in a charge-dependent manner, the order of diffusion rates being negative
<positive <neutral.’®® Possibly the negative charge on the compound hinders its smooth
diffusion across the negatively charged cell membrane.

At 60 min p.i., ['®*F]FMISO as well as other nitroimidazole-*"Tc(CO); complexes,

except 5-nitroimidazole-IDA-*"Tc(CO); complex, showed a reduction in tumor activity
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observed at 30 min p.i. The decrease was shallow for ['**FJFMISO and three nitroimidazole-
IDA-®"Tc(CO); complexes, whereas for DETA and AEG-*"Tc(CO); complexes the
decrease was sharp [Fig. 2.48]. The activity of different nitroimidazole radiotracers
accumulated in tumor at 60 min p.i. cleared slowly, indicating that it could be associated with
the radiotracer reduced and trapped in hypoxic tumor cells. The possibility that observed
activity in tumor is due to the non-specific binding of the radiotracer could be ruled out
considering the steadily decreasing radioactivity level in muscles with time. This is also
evident from the increase in tumor to muscle ratio (TMR) of all nitroimidazole radiotracers
with time. The decrease in tumor activity between 30 and 60 min p.i. observed for different
radiotracers could be attributed to the clearance of unbound nitroimidazole radiotracer from
the tumor. The difference in the tumor activity at 60 min p.i. showed by different
nitroimidazole-*"Tc(CO); complexes and [**F]FMISO could be explained considering
respective SERP and residence time in tumor.

Different processes involved in the reduction of nitroimidazole in hypoxic cells in
already discussed in Chapter 1, Section 1.8.2.2. The ease of nitroimidazole radical anion
formation in the cell depends on the SERP of the nitroimidazole, wherein a nitroimidazole
with more positive SERP form radical anions more readily than the nitroimidazole with lower
SERP. However, owing to small levels of molecular oxygen present in viable hypoxic cells,
the nitroimidazole radiotracer may have to undergo several futile reduction-oxidation cycles,
between the radical anion of the complex and the parent complex, before it undergoes further
reduction and trapping. Hence, it could be presumed that even nitroimidazoles with highly
favorable SERP need to spend adequate time in hypoxic cells before reduction takes place.
Therefore, fast clearance of nitroimidazole radiotracer from blood could significantly reduce
its tumor residence time, and hence, its reduction in hypoxic cells despite having favorable

SERP. This may be the reason for the lower tumor retention showed by different
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nitroimidazole-DETA and nitroimidazole-AEG **™T¢(CO); complexes, especially the 2-
nitroimidazole complexes with relatively favorable SERP. While the difference in tumor
retention showed by 2-, 4- and 5-nitroimidazole AEG-*"Tc(CO)s complexes at 60 min p.i.
were found to be significant (p<0.05), that showed by respective nitroimidazole-DETA-
9mTc(CO); complexes were insignificant. The tumor activity observed with [**F]FMISO and
the three nitroimidazole-IDA-**"Tc(CO); complexes at 60 min p.i. could be correlated to
their respective tumor residence time and SERP. [®F]JFMISO, that had higher tumor
residence time and a more favorable SERP (-389 mV), showed highest retention in tumor,
followed by 2-, 5- and 4-nitroimidazole IDA- *™Tc(CO)s complexes, respectively. The exact
cause for slow blood clearance of nitroimidazole-IDA-*"Tc(CO)s complexes is not clear.
However, it has been reported that molecules with overall negative charge showed relatively
higher binding to serum compared to positively charged and neutral molecules. Also,
molecules with higher lipophilicity are known to show higher serum binding.?%* 2%
Retrospectively, evidence for the negative influence of fast blood clearance of
nitroimidazole radiotracers on tumor uptake as well as retention could be obtained from
literature. BMS181321 and BRU59-21 are two 2-nitroimidazole-based **™Tc-complexes
which showed oxygen-dependent accumulation in hypoxic cells, in vitro as well as in vivo.*
% Though a direct comparison between different nitroimidazole-*"Tc(CO); complexes
evaluated in the present work, BMS181321 and BRU59-21 would be inappropriate due to the
difference in tumor models used, the trends in their distribution may be analyzed. Upon
intravenous administration of BMS181321 in mice bearing KHT tumor, tumor uptake of 1.91
+ 0.29 %ID/g was observed at 10 min p.i., which then decreased to 0.73 £ 0.22 at 1 h p.i. and
0.53£0.26 at 4 h p.i. BMS181321 is a highly lipophilic complex (LogP.w = ~40) and cleared
slowly from blood (~5 %ID/g at 10 min p.i. and ~2 %ID/g at 4 h p.i.). BRU59-21 (LogPow =

~11) was a similar 2-nitroimidazole complex designed to overcome the problems associated
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with the higher lipophilicity of BMS181321. This complex, which was also evaluated in mice
bearing KTH tumor, showed very fast clearance from blood (1.56 + 0.43 %ID/g at 10 min
p.i., 0.53 £ 0.05 %ID/g at 1 h p.i. and 0.40 = 0.08 %ID/g at 4 h p.i.) which had a significant
effect on the activity retained in tumor (0.73 = 0.22 %ID/g at 10 min p.i., 0.37 £ 0.04 %ID/g
at 1 h p.i. and 0.31 = 0.18 %ID/g at 4 h p.i. Similarly, ['"®FJFAZA which clears relatively
faster from blood showed lower uptake in tumor than [®F]FMISO in Walker 256 rat
carcinosarcoma tumor bearing animal model.®

Although the tumor activity observed at 60 min p.i. for different nitroimidazole
radiotracers cleared slowly, the rate of clearance was highest for ["*F]FMISO (~44 % ID/g
cleared at 180 min p.i.) compared to other nitroimidazole-*™Tc(CO); complexes (~8-20
%ID/g cleared at 180 min p.i.). ["®F]FAZA has also been reported with rate of clearance
similar to [*®F]JFMISO between 60 and 180 min (~53 % ID/g cleared).® There is still some
ambiguity on the fate of reduction products of nitroimidazoles in hypoxic cells. Though
nitroimidazole adducts such as misonidazole-glutathione and metronidazole-DNA are
reported,®®?%” a more widely accepted view is the formation of less permeable reduction
products that clears slowly from hypoxic cells rather than the formation of covalently bound
macro-molecular adducts.”® Present study suggests that the reduction products of
nitroimidazole-*"Tc(CO); complexes are less permeable than the reduction products of
[**F]FMISO, which is indicated by their slower rate of clearance from the tumor. This could
be an advantage, since the imaging can be delayed to obtain a better target to background
ratio. Though slow blood clearance increases the tumor residence time of the radiotracer,
thereby increasing the reduction of nitroimidazole radiotracer in hypoxic tumor cells, a
reduced rate of clearance may result in poor target to background ratio. The tumor to blood
ratio [TBR] and tumor to muscle ratio [TMR] obtained with different nitroimidazole-

9mTc(CO)3 complexes and [**F]JFMISO at different time points is shown in Table 2.2.
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Table 2.2. TBR and TMR of various 2-, 4- and 5-nitroimidazole-*"T¢(CO); complexes and [**F]FMISO

at different time points

Tumor to blood ratio/Tumor to muscle

30 min 60 min 180 min

2-nitroimidazole 0.32 (0.04) 0.39 (0.01) 0.61 (0.09)

IDA- 1.76 (0.27) 2.40(0.19) 3.68 (0.23)

¥MT¢(CO);  4-nitroimidazole 0.29 (0.03) 0.31 (0.05) 0.18 (0.04)
complex 1.01 (0.09) 0.92 (0.02) 0.24 (0.05)
5-nitroimidazole 0.40 (0.11) 0.45(0.04) 0.49 (0.09)

Very high  Very high  Very high

2-nitroimidazole 1.94 (0.09) 0.71(0.08) 0.84 (0.05)

DETA- 3.32(0.34) 2.41(0.06) 1.82(0.19)

¥MT¢(CO);  4-nitroimidazole 1.72 (0.17) 0.78(0.06) 1.51 (0.27)
complex 6.86 (0.18) 4.09 (0.18) 5.33 (1.03)
5-nitroimidazole 1.26 (0.15) 0.78 (0.13) 1.48 (0.15)

9.73(0.13) 4.97 (0.72) 6.07 (0.59)

2-nitroimidazole 1.49 (0.41) 0.86(0.04) 1.78(0.34)

AEG- 6.20 (1.13) 3.34(0.17) 3.05(0.71)

¥MTC(CO); 4-nitroimidazole 1.09 (0.13) 0.86 (0.15) 1.06 (0.14)
complex 1.98 (0.24) 1.10(0.20) 2.00 (0.15)
5-nitroimidazole 0.95 (0.08) 0.85(0.12) 1.26 (0.35)

1.56 (0.12) 1.42(0.17) 2.68 (1.02)

Standard  [*°F]Fluoromisonidazole 1.17 (0.18) 1.58 (0.25) 3.85 (0.23)
agent 1.17 (0.25) 1.40 (0.34) 4.84 (0.90)

For nitroimidazole-IDA-*"Tc(CO); complexes, presence of significant blood activity even at
3 h p.i. resulted in poor TBR. On the other hand, nitroimidazole-DETA-*"Tc(CO); and
nitroimidazole-AEG-**"Tc(CO); complexes cleared very fast from blood resulting in low
uptake in tumor, but better TBR (between 1 to 1.9) and TMR [between 1.9 to 5.9]. It is
interesting to note at this juncture, that blood clearance of [**F]JFMISO was gradual,

approximately following a path between the two extremes, the slow blood clearance of
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nitroimidazole-IDA-**"T¢(CO); complexes on one side and fast blood clearances on the other
hand, shown by nitroimidazole-DETA and nitroimidazole-AEG *™Tc(CO); complexes [Fig.
2.50]. While initial high blood activity of [**F]JFMISO facilitated hypoxia specific reduction,
by providing sufficient residence time for [*®F]FMISO in tumor, subsequent clearance from
blood resulted in better TBR and TMR compared to the different nitroimidazole-*"Tc(CO)s
complexes. The distribution of **™Tc(CO); complexes of different nitroimidazole-IDA
derivatives (2L1-2L.3) and nitroimidazole-DETA derivatives (2L4-2L6) in various organs
and tissues at different time points are shown in figure 2.51 and figure 2.52. Similarly,
distribution observed with different nitroimidazole-AEG-*"Tc(CO); complexes (2L7-2L9)

and [*®F]JFMISO in various organs and tissues at different time points are shown in figure

2.53 and figure 2.54.
" —=— 2-nitroimidazole-IDA-""Tc(CO), complex
< e 2-nitroimidazole-DETA-WmTc(CO)3 complex

e —A— 2-nitroimidazole-A EG-ngTC(CO)3 complex
3.5 —v—["FIFMISO
3.0 -

o 25-

g |

Q\o 204
1.5 4
1.0 -
0.5 1
0.0 T T T T T T T T T T T T

0 30 60 90 120 150 180

Time [min]

Fig 2.50. Blood clearance of [**F]JFMISO in comparison to 2-nitroimidazole-**"T¢c(CO); complexes of
IDA, DETA and AEG ligands
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Fig. 2.51. Distribution of *™Tc(CO); complexes of (a) 2-nitroimidazole-IDA [2L1] (b) 4-

nitroimidazole-IDA [2L.2] (c) 5



180min
30min

Y 60min

222

.

TS

(b)

0

22222222

IIIIIIIIL

2 Y

NNANNNNNY

©000) 500
(10°0) 60°0
100 9o

Yz
IR

30min

Y 60min

22

(#0'P) LO'1T
9ot) sTOT

(©)

10°0) L0

(o0 soo
(100 L0

(oo tro

V2222220222200

3/A1%

Fig. 2.52. Distribution of *™Tc(CO); complexes of (a) 2

-nitroimidazole-DETA [2L4] (b) 4-

-nitroimidazole-DETA [2L6] in various organs at different time

nitroimidazole-DETA [2L5] (c) 5

points

95



g .8 g g (10°0) €0°0 g g 100 €00
£s v (282 o W |58 i
N N 7 - N7 00 21’0
o\v, e\N\ @070 ]
(200 o' i
.ooc\av boo\av Asmvﬁv“cA i b
10°0) 60
&um o@z @0 1o
(600) €T
\&v » \mv._; @ U (€00 110 ]
g g -
) D) 000250
@ S KNS
2, 2
%, #0'0) 690 %,
& (s00)0L'0 @
B, B,
% %
4 8D 6E 2
@.0&0 R RERR TN ,_vw\\xee (061 9¥°02
%, €2 %,
7 7
Y2 AL % SEOPTI Prrzzsiizizzz;zzidd
ARy \.~\V A\V S P8H1 N
I N L B L L L B L LA LA LA LA LA LA A BN
O T N O WO TN ®O TN ®O T AN O
IIIIIII N O N o N N AN e -

3/A1%

-nitroimidazole-AEG [2L7] (b) 4-

nitroimidazole-AEG [2L9] in various organs at different time points
96

Fig. 2.53. Distribution of **™Tc(CO); complexes of (a) 2

nitroimidazole-AEG [2L.8] (c) 5



%ID/g

Fig. 2.54. Distribution of [**F]JFMISO in various organs at different time points

For all the nitroimidazole radiotracers evaluated in the present study, major clearance of
activity from the body of the tumor bearing animal was through the hepatobiliary route. The
nitroimidazole-DETA-*"Tc(CO); as well as nitroimidazole-AEG-*"Tc(CO); complex
cleared faster from other vital organs compared to the nitroimidazole-IDA-*"Tc(CO),
complexes and [**F]JFMISO.

Analyses of the results suggest that SERP and optimal blood clearance of the
nitroimidazole radiotracer are the two important factors to consider while developing new
nitroimidazole radiopharmaceutical for targeting hypoxia. Though the role of SERP of
nitroimidazole on its efficacy to target hypoxic cells was known, the significance of tumor
residence time of the radiotracer is probably less noticed. Faster clearance of the radiotracer
from blood was generally associated with lower tumor retention and improved TBR and
TMR.**93 However, low retention in tumor may result in some of the clinically significant
hypoxic regions going undetected. Hence, improving TBR and TMR by designing molecules
that clear faster from blood should not be the only criteria while developing new

nitroimidazole radiopharmaceuticals for detecting hypoxia.
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The *™Tc(CO); chemistry provides a tool for the fine tuning of blood clearance of
nitroimidazole radiotracers. It could be noted that the tridentate ligands used for coordinating
the ®™Tc(CO)s core had a significant effect on the blood clearance of the resultant
nitroimidazole complexes. While the nitroimidazole-IDA-**"Tc(CO); complexes showed
slow blood clearance, the nitroimidazole-DETA and nitroimidazole-AEG *™Tc(CO)s
complexes cleared very fast from blood. By incorporating appropriate hydrophilic groups it
may be possible to adequately improve the blood clearance of nitroimidazole-IDA-
99mTc(CO); complexes to obtain better TBR without significantly affecting the tumor uptake.
Similarly, by sufficiently increasing the lipophilicity, fast clearance of nitroimidazole-DETA
and nitroimidazole-AEG **™Tc¢(CO); complexes could be slowed down to improve tumor
uptake while retaining favorable TBR and TMR. However, it is difficult to predict the rate of
blood clearance that would provide optimum tumor residence time for a given nitroimidazole
radiotracer to undergo adequate reduction in tumor that will enable unambiguous detection of
all clinically relevant hypoxic regions at the same time resulting in acceptable values of TBR
and TMR. Hence, a number of structural modifications, to alter the blood clearance of the
radiotracer in the required direction, and testing may be required to develop a clinically
useful *™Tc-radiopharmaceutical equivalent to [**FJFMISO, for imaging hypoxia.
2.7.4. Conclusions

The present study suggests that tumor residence time and SERP of the radiotracer are
the two critical factors that decide its efficacy to target hypoxic cells in vivo. Probably the
key to the development of a successful nitroimidazole based radiopharmaceutical for the
detection of hypoxia is to optimize the tumor residence time which depends on the combined
effect of lipophilicity and overall charge of the radiotracer. Though [**F]FMISO was found to
be superior to different nitroimidazole-**"Tc(CO); complexes evaluated in the present study,

information obtained from the analyses of the results could help in designing a better *™Tc-
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radiopharmaceutical for targeting tumor hypoxia. A nitroimidazole with SERP closer to
[*®F]FMISO would be better suited for targeting hypoxia as it would require lesser time to
undergo reduction in hypoxic cells. This would allow further structural modifications to the
radiotracer, if necessary, to affect faster clearance in order to achieve better TBR and TMR.
A significant advantage observed with nitroimidazole-**"Tc(CO); complexes, at least in the
tumor model used in the present study, was their slower clearance from tumor compared to
[*®F]FMISO. This aspect combined with the relatively longer half-life of *™Tc, in
comparison to ‘®F, opens the possibility of delaying the imaging to obtain better contrast
between background and hypoxic regions in the tumor. If a nitroimidazole-**"Tc(CO)s
complex could be developed, that significantly accumulates as well as detects all clinically
relevant hypoxic regions in a tumor, the option of using corresponding 2¢%8Re(CO)s
analogue as a radiotherapeutic agent to deliver therapeutic dose directly to the hypoxic tumor

tissues could also be explored.
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CHAPTER 3

MODIFIED 2-NITROIMIDAZOLE-*"T¢(CO); COMPLEX WITH IMPROVED
PHARMACOKINETICS FOR TARGETING TUMOR HYPOXIA

No matter what...there is always scope for improvement.

— Myself
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3.1.  Introduction

In Chapter 2, nine nitroimidazole-**"Tc(CO); complexes were evaluated in animals
bearing fibrosarcoma tumor, to understand the influence of molecular properties, on in vivo
efficacy to detect hypoxic cells. In general, the 2-, 4- and 5- nitroimidazole-IDA-*"Tc(CO),
complexes [Fig. 3.1(a)], by virtue of their slow blood clearance, showed relatively better
tumor uptake and retention compared to 2-, 4- and 5- nitroimidazole-DETA-*"Tc(CO)s

complexes [Fig. 3.1(b)] as well as 2-, 4- and 5- nitroimidazole-AEG-**"T¢(CO); complexes

[Fig. 3.1(c)].
NO; NO NO,
NF/-W N/?/:\ NF/-W
N

N N
\% 1- H -1+ -0
o)

Ol WO YD

H2N\ NH2 o\ /NHZ
9931”['0\ 999TC gngc
oc”| “co oc” | “co oc” | “co
co co | co
@ (b) (c)

Fig. 3.1. ™ c(CO), complexes of 2-, 4- and 5- nitroimidazole (a) IDA ligands (b) DETA ligands and
(c) AEG ligands

Among 2-, 4- and 5- nitroimidazole-IDA-*"Tc(CO); complexes, the 2-nitroimidazole
complex showed highest tumor uptake and retention. However, clearance of 2-nitroimidazole
complex from the liver was an undesirable feature, as it can limit its utility to image tumors in
abdominal region.

Structural modification of the radiotracer to increase hydrophilicity, which would
reduce liver uptake, could be a possible solution. However, lipophilicity is essential for
efficient distribution of the radiotracer in tumor, and hence decreasing this parameter may
compromise its uptake, distribution and retention in tumor. Another possible solution to this
problem is to incorporate appropriate functional group, for example ether group, in the

radiotracer that can accelerate its liver clearance. This strategy has been utilized in the
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development of %*™Tc-sestamibi, **™Tc-tetrofosmin

perfusion imaging agents [

Fig. 3.2].2%°
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Fig. 3.2. Structure of (a) *™Tc-tetrofosmin and (b) *™Tc-sestamibi

Working on similar lines, the 2-nitroimidazole-IDA-*"Tc(CO); complex, that has showed
the best uptake and retention in tumor among different nitroimidazole complexes evaluated,
was synthetically modified to incorporate an ether linkage [Fig. 3.3(b)] instead of a propyl
linker in the original molecule [Fig. 3.1(a)]. This chapter describes the synthesis of the
modified 2-nitroimidazole ligand, its radiolabeling using [*™Tc(CO)s(H,0)s]" precursor
complex, characterization and evaluation in fibrosarcoma tumor bearing Swiss mice. The

results obtained are discussed.

o]

Dl O

(@) (b)

Fig. 3.3. Structure of (a) 2-nitroimidazole ligand with a propyl spacer and (b) 2-nitroimidazole ligand
with an ether spacer

3.2. Materials and methods
Dibromoethyl ether was purchased from Aldrich, USA. Phthalimide was purchased
from Fluka, Germany. Other common chemicals used and methods followed in the present

chapter are mentioned in Chapter 1, Section 1.14.1.
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3.3. Synthesis
The scheme followed for the synthesis of modified 2-nitroimidazole-IDA ligand is

shown in figure 3.4. The target compound (3e) is shown in box.

2¥o 2L0H
o)
B N NH, HCI N N
r o i o) ‘}OH
i ) i °
C NO, i O i 0 i © v, © v, | @
L i e e v
N (T Tl T {
N._NO N__NO N__NO N__NO N__NO
S O S O S U A -
3a 3b 3c 3d 3e

Fig. 3.4. Synthesis of 2-(carboxymethyl(2-(2-nitroimidazolylethoxy)ethyl)amino)acetic acid (i)
dibromoethyl ether, anhyd. K,CO;, acetonitrile, reflux (ii) phthalimide, anhyd. K,CQs, acetonitrile,
reflux (iii) (1) hydrazine hydrate, ethanol, reflux (2) 2N HCI, 50°C (iv) tert-butyl bromoacetate,
DIEA, acetonitrile, reflux (v) 6N HCI, 25°C

3.3.1. Synthesis of 1-(2-(2-bromoethoxy)ethyl)-2-nitro-1H-imidazole (3a)

To 2-nitroimidazole (0.20 g, 1.77 mmol) in acetonitrile (10 mL), crushed potassium
carbonate (0.25 g, 1.77 mmol) and dibromoethyl ether (2 g, 8.85 mmole) was added and the
reaction mixture was refluxed for 12 h. Upon completion of the reaction (cf. TLC), the
solvent was removed in vaccuo. The residue obtained was dissolved in water (30 mL) and
extracted with chloroform (15 mL x 3). The combined organic layer was washed with brine,
dried and the solvent was evaporated to obtain the crude product as thick oil. Compound 3a
was obtained (0.40 g, 87 %) by silica gel column chromatography using diethyl ether as
eluent. R; (Diethyl ether) = 0.4. IR (neat, cm™): 3139(m); 3118(m); 2963(m); 2920(m);
2872(m); 1537(s); 1485(s); 1438(w); 1360(s); 1286(s); 1219(w); 1184(w); 1162(s); 1119(s);
1019(w); 997(w); 943(w); 916(m); 889(w); 835(s); 781(s); 665(w); 649(m); 630(w). *H-
NMR (CDCls 6 ppm): 3.40 (t, 2H, J = 6.0 Hz, 2-nitroimidazole-CH,CH,OCH,CH,Br); 3.74

(t, 2H, J = 6.0 Hz, 2-nitroimidazole-CH,CH,OCH,CH,Br); 3.86 (t, 2H, J = 4.5 Hz, 2-
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nitroimidazole-(CH,CH,OCH,CH,Br); 4.63 (t, 2H, J = 4.5 Hz, 2-nitroimidazole-
CH,CH,OCH,CH,Br); 7.13 (s, 1H, 2-nitroimidazole-C5-H); 7.24 (s, 1H, 2-nitroimidazole-
C4-H). [Fig. 3.5]. MS(ESI*): 263.8 (M+H)".
3.3.2. Synthesis of 2-(2-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)ethyl)isoindoline-1,3-dione (3b)

To compound 3a (0.20 g, 0.76 mmol) in acetonitrile (10 mL), crushed potassium
carbonate (0.25 g, 1.77 mmol) and phthalimide (0.13 g, 0.91 mmol) was added and the
mixture refluxed for 48 h. Thereafter, the solvent was removed in vaccuo and the residue
obtained was dissolved in 0.1 N NaOH (20 mL). The basic aqueous layer was extracted with
chloroform (15 mL x 3). The combined organic layer was washed with brine, dried and
concentrated in vaccuo to obtain the crude product. Compound 3b was obtained by silica gel
column chromatography using diethyl ether as eluent (0.15 g, 60 %). R¢ (Diethyl ether) = 0.3.
IR (neat, cm™): 3117(w); 2922(m); 2870(m); 1771(m); 1710(s); 1536(s); 1485(s); 1359(s);
1286(m); 1160(m); 1117(m); 1025(w); 916(w); 834(m); 782(w); 721(m); 648(w). *H-NMR
(CDCl3 6 ppm): 3.67 (t, 2H, J = 5.3 Hz, 2-nitroimidazole-CH,CH,OCH,CH,-phthalimide);
3.80 (t, 2H, J = 4.8 Hz, 2-nitroimidazole-CH,CH,OCH,CH,-phthalimide); 3.87 (t, 2H, J =
5.3 Hz, 2-nitroimidazole-CH,CH,OCH,CH,-phthalimide); 4.55 (t, 2H, J = 4.8 Hz, 2-
nitroimidazole-CH,CH,OCH,CH,-phthalimide); 6.84 (s, 1H, 2-nitroimidazole-C5-H); 7.08
(s, 1H, 2-nitroimidazole-C4-H), 7.73- 7.84 (m, 4H, J = 2.8 Hz, -CH,CH,OCH,CH,-
phthalimide-H) [Fig. 3.6]. MS(ESI"): 331.2 (M+H)".
3.3.3. Synthesis of 1-(2-(2-aminoethoxy)ethyl)-2-nitro-1H-imidazole (3c)

To compound 3b (0.15 g, 0.45 mmol) in ethanol (10 mL), hydrazine hydrate (0.15 g,
4.5 mmol) was added and the reaction mixture refluxed overnight. A white precipitate formed
was filtered, washed with cold ethanol (2 mL) and dried. The precipitate was subsequently
heated with 2N HCI (5 mL) at 50°C for 2 h and the residue obtained was filtered off. Filtrate

on evaporation gave amine 3c as the hydrochloride salt, which was further purified by
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recrystallization from ethanol/ether mixture (0.07 g, 79 %). IR (KBr, cm™): 3369(w);

3144(w); 3117(w); 2921(s); 2852(m); 1509(w); 1474(s); 1437(w); 1392(m); 1362(m);

1278(m); 1125(s); 912(w); 745(m); 667(m); 628(w). MS(ESI™): 201.1 (M+H)".

3.3.4. Synthesis of 1-(N,N-bis(tert-butoxycarbonylmethyl)-2-(2-(2-nitroimidazolyl)ethoxy)
ethane (3d)

To compound 3c (0.07 g, 0.36 mmol) in acetonitrile (5 mL), DIEA (0.16 g, 1.26
mmol) was added and the solution was stirred for 5 minutes. To this solution tert-butyl
bromoacetate (0.18 g, 0.9 mmol) was added and the reaction mixture was refluxed for 12 h.
Upon completion of the reaction (cf. TLC), solvent was removed in vaccuo. The residue
obtained was dissolved in water (15 mL) and extracted with chloroform (10 mL x 3). The
chloroform layers were combined, washed with brine and dried over anhydrous sodium
sulphate. The crude product after the removal of chloroform was purified by silica gel
column chromatography using diethyl ether to obtain compound 3d (0.09 g, 57 %). R¢
(Diethyl ether) = 0.6. IR (Neat, cm™): 3116(w); 2976(m); 2928(m); 2870(m); 1732(s);
1651(w); 1539(w); 1474(s); 1435(w); 1392(w); 1366(s); 1278(m); 1255(w); 1220(m);
1147(s); 1123(s); 974(w); 913(w); 835(w); 743(m); 666(m); 623(w). *H-NMR (CDCl; &
ppm): 1.45 (s, 18H, -CH,CH,OCH,CH,N(CH,CO,C(CHa)a)); 2.92 (t, 2H, J = 5.5 Hz, 2-
nitroimidazole-CH,CH,OCH,CH,N-); 3.48 (s, 4H, 2-nitroimidazole-
CH,CH,0CH,CH,N(CH,CO,C(CH3)3),); 3.58 (t, 2H, J = 55 Hz, 2-nitroimidazole-
CH,CH,OCH,CHN-); 3.69 (t, 2H, J = 5.3 Hz, 2-nitroimidazole-CH,CH,OCH,CHN-); 4.09
(t, 2H, J = 5.3 Hz, 2-nitroimidazole-CH,CH,OCH,CH;,N-); 6.93 (s, 1H, 2-nitroimidazole-C5-
H); 7.05 (s, 1H, 2-nitroimidazole-C4-H). [Fig. 3.7]. MS(ESI"): 429.3 (M+H)".

3.3.5. Synthesis of 2-(carboxymethyl(2-(2-nitroimidazolylethoxy)ethyl)amino)acetic acid

(3e)

Compound 3d (0.05 g, 0.12 mmol) was dissolved in 6N HCI (5 mL) and the mixture
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was stirred at room temperature for 12 h. Upon removal of the solvent, target compound 3e
was obtained which was further purified by recrystallization from ethanol/ether mixture (0.03
g 92 %). 'H-NMR (DO, & ppm): 3.78 (m, 6H, 2-nitroimidazole-
CH,CH,0OCH,CH>;N(CH,CO2H),); 3.97 (s, 4H, 2-nitroimidazole-
CH,CH,0OCH,CH2N(CH,CO2H),); 4.59 (m, 2H, 2-nitroimidazole-CH,CH,OCH,CH;,N-);
7.09 (s, 1H, 2-nitroimidazole-C5-H); 7.4 (s, 1H, 2-nitroimidazole-C4-H) [Fig. 3.8]. MS(ESI’)
m/z: 315.1 (M-H) [Fig. 3.9].

3.3.6. Synthesis of Re(CO)3; complex of ligand 3e (3f)

Compound 3e (0.02 g, 0.06 mmol) was dissolved in water (5 mL) and the pH was
adjusted to 8 wusing 0.IN NaOH. To this solution bis(tetraethylammonium)-fac-
tribromotricarbonylrhenate (0.05 g, 0.06 mmol), prepared following a procedure reported
earlier,'® was added and the reaction mixture was heated at 50°C for 12 h. The reaction
mixture was cooled and the precipitate formed was removed by filtration. The filtrate upon
evaporation gave the target complex 3f. The complex was used as such for further
characterization. IR (KBr, cm™) 3130 (m); 2984 (m); 2950 (m); 2692 (w); 2016 (vs); 1878
(vs); 1646 (s); 1491 (w); 1395 (m); 1337 (m); 1288 (w); 1183 (w); 1133 (w). *H-NMR (D,0,
& ppm) 1.16 (t, 12H, -[N(CH2CHa)4]"); 3.15 (g, 8H, -[N(CH2CHs)a]?); 3.43-3.48 (m, 4H, [-
CH,CH,0CH,CH,N(CHAHsCO,),Re(CO)s]); 3.73-3.85 (m, 6H, [-CH,CH,OCH,CH,
N(CHaHgCO,),Re(CO); 1); 4.62 (t, 2H, 2-nitroimidazole-CH,CH,OCH,CH;,N-); 7.08 (s,

1H, 2-nitroimidazole-C5-H); 7.39 (s, 1H, 2-nitroimidazole-C4-H) [Fig. 3.10].
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Fig. 3.5."H-NMR spectrum of 1-(2-(2-bromoethoxy)ethyl)-2-nitro-1H-imidazole (3a)
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3.4. Results and discussion
3.4.1. Synthesis

The synthesis of modified 2-nitroimidazole ligand with an ether linkage involved 5
steps (Fig. 3.4). 2-nitroimidazole with an ether linker, 3a, was synthesized in the first step.
The terminal halide in 3a was then converted to corresponding amine hydrochloride (3c) via
Gabriel synthesis through the intermediate compound 3b, which was subsequently converted
to di-tert-butyl ester derivative 3d. Compound 3d upon acidic hydrolysis using 6N HCI
yielded the target ligand 3e as the hydrochloride salt. All the compounds except 3c were
characterized by IR, "H-NMR and low resolution ESI-MS. Compound 3¢ was characterized
by IR and low resolution ESI-MS only. The *H-NMR spectra of the compounds were
consistent with the expected structure. The mass spectrum of target compound 3e recorded in
negative mode showed a peak at m/z 315.1 corresponding to (M-H)" ion. An additional peak
at m/z 271.1 corresponded to the loss of CO, from the (M-H)" ion.
3.4.2. Radiolabeling, quality control and characterization

Compound 3e was radiolabeled using [*™Tc(C0O)s(H,0)s]" precursor complex. The
precursor was prepared using Isolink® carbonyl kit vial following the procedure described in
Chapter 1, Section 1.14.3. The protocol for the preparation of **™Tc(CO)s complex is similar
to the one described in Chapter 2, Section 2.4.1 . The [*™Tc(CO)s(H,0)s]" precursor
complex as well as modified 2-nitroimidazole-IDA-**"Tc(CO); complex was characterized
by HPLC. The HPLC elution profile of [*"™Tc(CO)s(H.0)s]* precursor complex and
modified 2-nitroimidazole-*"Tc(CO); complex are shown in figure 3.11(a) and (b),
respectively. While [*™Tc(CO)3(H20)s]* precursor complex eluted at 3.7 min, modified 2-
nitroimidazole complex eluted as a single sharp peak at 19.3 min. To elucidate the mode of
binding of ligand 3e to the ®™Tc(CO); metal core, corresponding Re(CO)s-analogue (3f) was

synthesized. Figure 3.11(c) shows the HPLC elution profile of 3f, which matched with the
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modified 2-nitroimidazole-IDA-*"Tc(CO); complex (3g) prepared at nca level. This

indicated the formation of similar complexes at nca level as well as at macroscopic level.

Cp3 *1000 ( ) 3H
a
5.00
0.004
a.o0 5.00 1n.00 15.00 a0.00 25.00 min
CP5S *1000 (b) SH]
5.00
a.o0
a.oo 5.00 10.00 15.00 z0.00 z5.00 nin
*
1.00 n¥ *1000 (C) vl
0.50
a.o0
0.o0 5.00 10.00 15.00 zZ0.00 Z5.00 min

Fig. 3.11. HPLC elution profile of (a) [**™Tc(CO)s(H,0)s]* precursor complex (b) **™Tc(CO); complex
3g and (c) Re(CO); complex 3f

A noticeable feature in the *H-NMR of 3f (Fig. 3.10) is the absence of singlet peak at 3.98 &
ppm, which represented the four methylene protons of iminodiacetic acid group in 3e (Fig.
3.8). This was similar to the *H-NMR spectrum (Fig. 2.12) of 2-nitroimidazole-IDA-Re(CO)3
complex (2e) described in Chapter 2. The tridentate coordination of iminodiacetic acid group
with Re(CO)3; moiety resulted in the transformation of singlet, representing four methylene
proton, into two doublets, representing the AB spin system formed due to the restricted
rotation of methylene group upon coordination. Though the double-doublet pattern could not
be clearly observed due to the overlapping peaks, the absence of singlet peak is an indirect
indication of tridentate coordination in complex 3f.?°* Proposed structure of *™Tc(CO),

complex 3g and Re(CO); complex 3f is shown in figure 3.12(a) and (b), respectively. The
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structure of 2-nitroimidazole-IDA-**"T¢(CO); complex with propyl spacer (3h) is also shown

in figure 3.12 (c).
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Fig. 3.12. Structure of (a) 2-nitroimidazole-Re(CQO); complex (3f) with an ether spacer (b) 2-
nitroimidazole-*"Tc(CO); complex (3g) with an ether spacer and (c) 2-nitroimidazole-IDA-
9MT¢(CO), complex (3h) with a propyl spacer

The LogPow of complex 3g, determined following a reported procedure®® discussed in
Chapter 1, was found to be 0.55, which was higher than that of 2-nitroimidazole-IDA-
9MTe(CO); complex 3h (LogPow = 0.48). This is expected, since the modified 2-
nitroimidazole complex 3g has a longer spacer than in original complex 3h. The stability of
complex 3g in serum was assessed, following the protocol described in Chapter 1, Section
1.14.6, and it did not show any signs of decomposition during the period of study (3 h).
3.4.3. Biological studies

The purpose of introducing a structural modification in 2-nitroimidazole-IDA ligand
[Fig. 3.3(a)] was to obtain a 2-nitroimidazole-**"Tc(CO); complex better liver clearance
without compromising its ability to target hypoxic tumor cells. The tumor uptake obtained
with complex 3g at various time points is shown in figure 3.13. For comparison, the result
obtained with original complex 3h having propyl spacer is also shown in the same figure. It
could be observed that complex 3g showed relatively higher uptake and retention in tumor
than the complex 3h at every time point studied. Tumor activity of complex 3g apparently
cleared in a biphasic manner. In the initial phase, about 17% of tumor activity observed at 30

min p.i. [1.19 (0.08) %ID/g] was cleared at 60 min p.i. [0.99 (0.09) %ID/g]. This was
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followed by slower second phase where, only 16% of the tumor activity observed at 60 min
p.i. was cleared in next two hours [0.84 (0.05) %ID/g at 3 h p.i.]. The relatively quick initial
phase may be attributed to the clearance of unbound radiotracer from the tumor, while the
second phase may be the slow clearance of activity associated with the radiotracer reduced

and trapped in the hypoxic cells.
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Fig. 3.13. Tumor uptake observed with 2-nitroimidazole-**"T¢c(CO); complex with an ether spacer (3g)
and with a propyl spacer (3h) at different time points

The possibility that tumor activity observed after 60 min p.i. was due to non specific
accumulation, and not due to the reduction of the radiotracer, is ruled out considering the
steadily falling activity levels in muscles.

It is clear from Chapter 2 that the efficiency of reduction of nitroimidazole complex in
hypoxic cells depends on SERP as well as its residence time in hypoxic tumor cells. Since
both complexes contain 2-nitroimidazole, their SERP values could be assumed to be similar.
Hence, between these two nitroimidazole radiotracers, one with a higher residence time in

tumor is expected to show higher reduction and trapping. Residence time of radiotracer in
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tumor depends on its clearance from blood. From Chapter 2, it could be observed that slow
clearance of radiotracer from blood help in maintaining concentration gradient between blood
and intra-tumoral environment for a longer time, which results in higher tumor residence time
of the radiotracer. In the present case, blood clearance of complex 3g is slower than that of
complex 3h [Fig. 3.14]. Therefore, complex 3g is expected to have a longer tumor residence

time and hence, higher tumor retention that than complex 3h.
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Fig. 3.14. Blood clearance observed with 2-nitroimidazole-**"Tc(CO); complex with an ether spacer
(3g) and with a propyl spacer (3h) at different time points

The uptake and clearance of activity observed with complexes 3g and 3h from other organs,
expressed as %ID/organ, is shown in figure 3.15(a) and (b), respectively. It could be noted
that, as early as 30 min p.i., complex 3g showed significantly lower liver activity and higher
intestinal activity compared to that of complex 3h. This is an indication of faster clearance of
the radiotracer from liver, which could be attributed to the ether group incorporated in

complex 3g. Complex 3g showed a decrease in liver activity at 60 min p.i. and then,
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increased slightly at 180 min p.i. The decrease at 60 min p.i. could be due to the clearance of
activity initially accumulated in liver. Subsequent increase in liver activity could be attributed
to accumulation of activity from other organs, blood and muscle into liver at a faster than the

rate of clearance from the liver.
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Fig. 3.15. Distribution of 2-nitroimidazole-**"Tc(CO); complex (a) with an ether spacer (3g) and (b) with a
propyl spacer (3h) in various organs at different time points
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Figure 3.16 shows the variation in tumor to blood ratio (TBR) and tumor to muscle ratio
(TMR) obtained with complex 3g and 3h at different time points. TBR as well as TMR of
complex 3h significantly (p<0.05) improved with time. For complex 3g, the TMR increased
with time and attained a maximum value of 3.66 (0.47) at 3 h p.i. which is acceptable for
imaging. However, the TBR of 3g showed only a marginal increase which was statistically
insignificant (p>0.05). Maximum value of TBR attained by 3g was 0.41 (0.04) which was too
low to be acceptable for imaging applications. In general, incorporation of ether group was

not found to improve the TBR and TMR of complex 3g as compared to 3h.
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Fig. 3.16. Variation in tumor to blood and tumor to muscle ratio of 2-nitroimidazole-*"Tc(CO),
complex with an ether spacer (3g) and with a propyl spacer (3h) at different time points

3.5.  Conclusions
The present study showed that incorporation of an ether group improved the clearance
of 2-nitroimidazole complex from liver, without compromising its tumor uptake and

retention. However, higher lipophilicity of the complex resulted in slow clearance from
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blood, resulting in lower TBR which was not acceptable for hypoxia imaging applications.
Additionally, slow clearance of complex 3g from blood resulted in the presence of liver
activity even at 180 min p.i., which may impose limitation for imaging tumors in abdominal
region. Though it is evident that presence of ether functionality in the complex improved its
liver clearance, a single ether group may be insufficient to achieve the desired level of
clearance. Incorporation of multiple ether groups, by modifying the molecule with a di- or tri-
ethylene glycol spacer, could possibly help to bring down liver clearance to a desirable level
without compromising the tumor uptake. Such a modification could also be expected to

accelerate clearance of activity from blood improving the TBR.
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CHAPTER 4
PREPARATION OF *™T¢(CO)s-ANALOGUE OF [**F]JFLUOROMISONIDAZOLE
I’m supposed to be a scientific person but I use intuition more than logic in making basic

decisions.

— Seymour R. Cray, Founder Cray Research Laboratory
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4.1. Introduction

[*®F]Fluoromisonidazole ([**F]JFMISO) [Fig. 4.1], a 2-nitroimidazole based
radiotracer, has been the most widely used radiopharmaceutical for clinical imaging of
hypoxia.®® Though, several other *®F-labeled nitroimidazole agents, including [**F]JFETA,®’
[*|F1EF1,% [®F]EF5%°? and [*®F]FAZA *2°?! mentioned in Chapter 1, are developed and
evaluated in human patients, [**FJFMISO continues to be the most widely used agent for

clinical imaging of tissue hypoxia.

Fig. 4.1. Structure of [**F]FMISO
[*®F]FMISO allows unambiguous determination of clinically significant regional oxygenation
in cancerous lesions**? which could be utilized to isolate only those patients who will benefit
by hypoxia directed treatment. However, [**FJFMISO has several inherent drawbacks which

include considerable non-specific uptake®*?'*2%

in brain and slow clearance from the body
through hepatobiliary route. High background activity due to slow clearance of the
radiotracer compromises the contrast, and hence, the diagnostic information obtained from
the images. Delaying the image acquisition to improve the contrast is difficult due to the short
half-life of *®F. Other issues include the requirement of a cyclotron for the production of **F
and specialized modules for the preparation of [**FJFMISO which adds to the cost of
radiopharmaceutical. Also, unlike %™Tc-radiopharmaceuticals, preparation of PET
radiopharmaceuticals often involves multiple steps, involving specially designed synthesis
modules, which consumes time. Hence, the radiopharmacist needs to start the

radiopharmaceutical preparation with higher levels of ‘®F-activity to compensate for the

decay losses during preparation.
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An advantage of PET over SPECT imaging modality is the superior spatial resolution of the
former, which is critical in planning hypoxia directed external beam radiation therapy.?*®
However, advances being made in the SPECT hardware and image reconstruction algorithms
have significantly improved the spatial resolution of the images obtainable with SPECT.?*° In
near future, it may be possible to utilize SPECT images for hypoxia directed radiation
treatment, which is presently being carried out using PET. Considering the drawbacks of
[*®F]FMISO and bright prospects in SPECT technology, a **™Tc-radiopharmaceutical which
can provide diagnostic information equivalent or superior to [**F]JFMISO may find wider
applicability.

[*®F]FMISO being a clinically established agent for the detection of tissue hypoxia, a
logical starting point in search of a ®*™Tc-agent for this purpose would be to prepare and
evaluate a *™Tc-analogue of misonidazole. However, unlike labeling with radiohalogens,
radiolabeling with **™Tc requires appropriate modification of the molecule with a chelator to
coordinate ®™Tc. Synthetic modification to incorporate a suitable ligand system in
misonidazole would certainly alter the in vivo pharmacokinetics of misonidazole-*"Tc
complex. However, this could be an advantage as well, since it provides a way to modulate
the pharmacokinetics in a favorable manner by appropriate choice of the ligand systems. But,
it is difficult to predict the most suitable modification that will result in ideal in vivo
characteristics necessary for a hypoxia detecting radiopharmaceutical.

In the present work, an IDA analogue of misonidazole, miso-IDA, was synthesized.
Miso-IDA ligand was subsequently radiolabeled using [*™Tc(CO)s(H-0)s]" precursor to
obtain corresponding *"Tc(CO); complex. The Re(CO)s complex of miso-IDA was also
prepared at macroscopic level. Misonidazole-IDA-*"Tc(CO); complex was subsequently
evaluated in Swiss mice bearing fibrosarcoma tumor. The results obtained were compared

with [*®F]FMISO evaluated in the same animal model (described in Chapter 2).
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4.2.  Materials and methods

2,3-Epoxypropyl phthalimide was purchased from Aldrich, USA. Hydrazine hydrate
was purchased from Reidel-de Haen, Germany. Other common chemicals used and methods
followed are mentioned in Chapter 1, Section 1.14.1.
4.3.  Synthesis

Synthesis of miso-IDA derivative is schematically shown in figure 4.2. The target

ligand 4d is shown in a box.

N
O ﬁ v ¥ [

NH; HCI P N
E\(NH _i, HO iy Hoj) i Ho]) o _iv,] HOJ) o
S~ = =
N No, N" o, N" Mo, N \vo,
4a 4b 4c 4d

Fig. 4.2. Synthesis of 2-(N-carboxymethyl, N-((2-hydroxy)-3-(2-nitroimidazolyl) propyl)amino)acetic
acid (i) 2,3-epoxypropyl phthalimide, ethanol, reflux (ii) (1) hydrazine hydrate, ethanol, reflux (2) 2N
HCI, 50°C (iii) tert-butylbromoacetate, DIEA, acetonitrile, 25°C (iv) 6N HCI, 25°C

4.3.1. Synthesis of 2-(2-hydroxy-3-(2-nitro-1H-imidazol-1-yl)propyl)isoindoline-1,3-dione

(4a)

To 2-nitroimidazole (0.5 g, 4.43 mmol) in absolute ethanol (20 mL), 2,3-epoxypropyl
phthalimide (1 g, 4.87 mmol) was added and the reaction mixture refluxed. Upon completion
of the reaction (cf.TLF), the off-white precipitate formed was filtered. The precipitate was
washed with cold absolute ethanol (5 mL), followed by water (5mL) and then dried.
Compound 4a thus obtained (0.81 g, 58%) was pure for all practical purposes and used as
such for further reaction. R (Ethyl acetate) = 0.66. IR (neat, cm™): 3354(w); 3128(w);
3063(w); 2937(w); 1708(vs); 1540(m); 1467(m); 1395(m); 1363(m); 722(m). ‘H-NMR

(DMSO-Dg, 6 ppm): 3.62 (m, 2H, phthalimide-CH,CH(OH)CH.-); 4.08 (m, 1H, phthalimide-
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CHCH(OH)CHz>-); 4.32 and 4.63 (m, 2H, CH,CH(OH)CH>-(2-nitroimidazole)); 5.54 (d, 1H,
CH,CH(OH)CHa-(2-nitroimidazole)); 7.15 (s, 1H, 2-nitroimidazole-C5-H); 7.68 (s, 1H, 2-

nitroimidazole-C4-H); 7.85 (m, 4H, phthalimide) [Fig. 4.3]. MS(ESI") m/z: 316.2 (M+H)".

4.3.2. Synthesis of 1-amino-3-(2-nitro-1H-imidazol-1-yl)propan-2-ol hydrochloride (4b)

To compound 4a (0.20 g, 0.63 mmol) in absolute ethanol (10 mL), hydrazine hydrate
(0.32 g, 6.3 mmol) was added and the reaction mixture refluxed for 12 h. Upon completion of
the reaction (cf. TLC), reaction solvent and excess of hydrazine hydrate was removed in
vaccuo. The precipitate thus obtained was washed with absolute ethanol (2 x 2 mL), and
subsequently heated with 2N HCI (10 mL) at 50°C for 2 h. The precipitate obtained was
filtered and filtrate upon evaporation gave compound 4b as the hydrochloride salt. The salt
was further purified by recrystallization from methanol/ether (0.12 g, 86%). IR (KBr, cm™):
3377(m); 3293(m); 3126(w); 3106(w); 2993(m); 1538(m); 1492(m); 1352(m); 1278(m);
838(m). *H-NMR (D0, & ppm): 2.97 and 3.23 (m, 2H, H,NCH,CH(OH)CH,-); 4.25 (m, 3H,
H,NCH,CH(OH)CHy-); 4.69 (s, 1H, CH,CH(OH)CH,-(2-nitroimidazole)); 7.12 (s, 1H, 2-
nitroimidazole-C5-H); 7.38 (s, 1H, 2-nitroimidazole-C4-H) [Fig. 4.4]. MS(ESI") m/z: 188.3

(M+H)".

4.3.3. Synthesis of N,N-bis(tert-butoxycarbonylmethyl)-((2-hydroxy)-3-(2-nitroimidazolyl))
propyl amine (4c)

To a solution of compound 4b (0.10 g, 0.45 mmol) and DIEA (0.29 g, 2.25 mmol) in
acetonitrile (10 mL), tert-butylbromoacetate (0.19 g, 0.99 mmol) was added drop-wise with
vigorous stirring. The stirring was continued at room temperature till the reaction is
completed (cf. TLC). Thereafter, the solvent was removed in vaccuo and the residue obtained
was dissolved in water (15 mL). The aqueous solution was extracted with chloroform (3 x 10
mL). The chloroform extracts were combined and washed with brine, dried and concentrated.

Compound 4c was obtained by silica get column chromatography eluting with ether (0.14 g,
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75%). R (Ethyl acetate) = 0.63. IR (neat, cm™): 3421(w); 3119(w); 2977(m); 2925(w);
1731(vs); 1540(m); 1467(m); 1366(m); 1224(m); 1150(vs); 836(m). *H-NMR (CDCls, &

ppm): 146 (s, 18H, -N(CH,CO,C(CHs)3);); 238 and 3.15 (m, 2H, -

CH,CH(OH)CHzN(CH,CO,C(CHs)3)2); 3.43 (m, 4H, -
CH,CH(OH)CHzN(CHAHaCO2C(CH3)3)2); 3.93 (m, 1H, -

CH3CH(OH)CH;N(CH,CO,C(CHs3)3)2); 4.22 and 4.65 (m, 2H, -
CH,CH(OH)CH;N(CH2CO,C(CHs)3)2); 7.13 (s, 1H, 2-nitroimidazole-C5-H); 7.34 (s, 1H, 2-

nitroimidazole-C4-H) [Fig. 4.5]. MS(ESI") m/z: 415.4 (M+H)".

4.3.4. Synthesis of 2-(N-carboxymethyl, N-((2-hydroxy)-3-(2-nitroimidazolyl)propyl)amino)
acetic acid (4d)

Compound 4c (0.10 g, 0.24 mmol) was dissolved in 6N HCI (5 mL) and stirred at room
temperature for 12 h. Upon removal of the solvent, compound 4d could be obtained as the
hydrochloride salt. The salt was further purified by recrystallization from methanol/ether (0.08
g, 95%). IR (neat, cm™): 3353(vh); 3142(w); 2977(w); 2959(w); 2845(w); 1731(s); 1557(m);
1486(m); 1369(m); 1225(m); 1095(m). 'H-NMR (D,O, & ppm): 3.38 and 3.59 (m, 2H, -
CH,CH(OH)CH,N(CH,CO3H),); 4.07 (s, 4H, -CH,CH(OH)CH;N(CH,CO,H),); 4.18 and 4.21
(m, 2H, -CH,CH(OH)CH2N(CH,CO,H)y); 4.45 (m, 1H, -CH,CH(OH)CH,N(CH2CO,H),); 7.42
(s, 1H, 2-nitroimidazole-C5-H); 7.50 (s, 1H, 2-nitroimidazole-C4-H) [Fig. 4.6]. MS (ESI") m/z:
301.1 (M-H)".

4.3.5. Preparation of Re(CO)3; complex of compound 4d (4e)

Compound 4d (20 mg, 0.07 mmol) was dissolved in water (5 mL) and the pH of the
solution was adjusted to 8. To this solution 1.1 equivalent of bis(tetraethylammonium)-fac-
tribromotricarbonylrhenate (59 mg, 0.08 mmol), prepared following a procedure reported by
Alberto et al.,"*® was added and mixture heated at 50°C for 12 h. The reaction mixture was

cooled and the precipitate formed was filtered. The filtrate upon evaporation gave complex 4e as
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tetraethylammonium salt (32 mg, 56%). IR (KBr, cm™) 3423 (w); 3332 (w); 3129 (w); 2960
(w); 2919 (w); 2023 (s); 1885 (vs); 1675 (vs); 1543 (m); 1483 (m); 1356 (vs); 1284 (m); 1168

(m).
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Fig. 4.3. "H-NMR spectrum of 2-(2-hydroxy-3-(2-nitro-1H-imidazol-1-yl)propyl) isoindoline-1,3-dione
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Fig. 4.4. "H-NMR spectrum of 1-amino-3-(2-nitro-1H-imidazol-1-yl)propan-2-ol hydrochloride (4b)
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4.4. Results and discussion
4.4.1. Synthesis

[*|F]FMISO being a clinically used radiopharmaceutical for the detection of tissue
hypoxia, a *™Tc-labeled misonidazole analogue would be the best possible candidate to start
the exploration for a ®™Tc-radiopharmaceutical for the same purpose. With this objective in
mind an IDA derivative of misonidazole (miso-IDA) was envisaged and synthesized [Fig.
4.7(c)]. Misonidazole [Fig. 4.7(a)] as well as [**F]JFMISO [Fig. 4.7(b)] were found to have
the same SERP of -389 mV with respect to SHE.?*? Moreover, Adams et al.** demonstrated
that structural modifications carried out two bonds away from the nitroimidazole moiety does
not alter the SERP significantly. Therefore, it could be expected that SERP of misonidazole-

IDA will be closer to the value of -389 mV.

O._OH
O,N O,N O,N j’
.

/\\ N )\ e
TR O | O
—/  OH —/  OH \—/  OH K(o
OH
Misonidazole [*®F]fluoromisonidazole Misonidazole iminodiacetic
[*|*F]FMISO acid (Miso-1DA)
SERP = -389 mV SERP = -389 mV SERP =~ -389 mV (expected)

(@) (b) (©

Fig. 4.7. Structure of (a) misonidazole (b) [**F]JFMISO and (c) miso-IDA
The synthesis of miso-IDA was carried out in a four step synthetic strategy described in the
experimental section of the present chapter. 2-Nitroimidazole was coupled with 2,3-
epoxypropyl phthalimide to obtain compound 4a, which upon hydrazinolysis resulted in the
amine derivative 4b. The amine derivative was subsequently N-alkylated with tert-
butylbromoacetate to obtain the corresponding di-tert-butyl ester derivative 4c, which upon
acidic hydrolysis yielded the target ligand 4d. Spectroscopic data obtained for various

compounds are consistent with the expected values.
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4.4.2. Radiolabeling, quality control and characterization

Miso-IDA ligand (4d) was radiolabeled using [*™Tc(CO)s(H20)s]* precursor to
obtain corresponding miso-IDA-*"Tc¢(CO); complex. The [*™Tc(CO)s(H,0)s]* precursor
complex was prepared afresh prior to radiolabeling miso-IDA following the reported protocol
briefly mentioned in experimental section in Chapter 1, Section 1.14.3. The
[®*™Tc(CO)3(H,0)3]" precursor complex as well as the miso-IDA-*"Tc(CO); complex was
analyzed by HPLC, and the elution profiles obtained are shown in figure 4.8(a) and (b),
respectively. The [*™Tc(CO)s(H20)s]* precursor eluted at 3.7 min while the miso-IDA-

9MTc(CO); complex eluted at 13.9 min.
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Fig. 4.8. HPLC elution profile of (a) [**"Tc(C0O)s(H,0)s]" precursor (b) miso-IDA-**"T¢(CO);
complex (c) miso-IDA-Re(CO); complex

The mode of coordination of IDA ligand with Re(CQO)3 core being established in Chapter 2,
and then again in Chapter 3, similar spectroscopic study was not carried out for miso-IDA-
Re(CO); complex. However, miso-IDA-Re(CO); complex was prepared in macroscopic
level, and its UV elution profile was matched with the radioactivity profile of miso-IDA-

¥mTc(CO); complex prepared at nca level to establish their structural equivalence. Figure
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4.8(c) shows the HPLC elution profile miso-IDA-Re(CO); complex which matched with the
elution profile of corresponding *™Tc(CO); complex prepared at nca level. This observation
clearly indicated similar coordination mode between the ligand and metal core in both the

complexes. Proposed structure of miso-IDA-**"T¢(CO)s complex is shown in figure 4.9.
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Fig. 4.9. Structure of miso-IDA-*"Tc(CO); complex

LogPouw of miso-IDA-*"Tc(CO)s complex was determined following a reported procedure®
and it was found to be 0.17. In comparison, the LogPouw value of [**F]JFMISO was 0.41.%*
The stability of miso-IDA-*"Tc(CO); complex in serum was assessed, as described in the
experimental section, and it did not showed any signs of decomposition during the period of
study (3 h).
4.4.3. Biological studies

The miso-IDA-*"Tc(CO); complex was evaluated in Swiss mice bearing
fibrosarcoma tumor. The results obtained are compared with that of [**F]JFMISO evaluated in
the same tumor bearing animal model. Tumor uptake observed with miso-IDA-*"Tc(CO)s
complex and [**F]JFMISO at different time points are shown in figure 4.10. It could be seen
that [*®F]JFMISO showed significantly higher tumor uptake than miso-IDA-*"Tc(CO)s
complex at all the three time points. Both complexes showed biphasic clearance from tumor,
with a relatively faster intial phase, between 30 min and 60 min p.i., followed by a slow

clearance phase after 60 min p.i.
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Fig. 4.10. Tumor uptake observed with miso-IDA-*"Tc(CO); complex and [**F]JFMISO at different
time points

As discussed in Chapter 2, initial uptake of the radiotracer in tumor by passive diffusion is
driven by the concentration gradient developed between blood and intra tumoral environment
soon after the administration of the radiotracer in the body. The decrease in tumor activity
between 30 min and 60 min p.i. could be attributed to the clearance of unreduced radiotracer
from tumor, initiated by the reversal of concentration gradient between blood and intra-
tumoral environment. This is evident from the clearance pattern of miso-IDA-*"Tc(CO)s
complex and [**F]JFMISO from blood at different time points (Fig. 4.11). Miso-IDA-
¥mTc(CO); complex showed lower blood activity at 30 min p.i. compared to [**F]FMISO,
which could be attributed to its faster clearance from blood through hepatobiliary route. This

is supported by the presence of significant level of activity in intestine as early as 30 min p.i.
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Fig. 4.11. Clearance of miso-IDA-*"T¢(CO); complex and [**F]FMISO from blood at different time
points

From the results obtained in Chapter 2, it is evident that clearance of radiotracer from blood
had a significant effect on its uptake and retention in tumor. Presence of higher level of
activity in blood facilitated better distribution of the radiotracer in tumor. Faster clearance of
radiotracer from blood may lower or reverse the concentration gradient which could result in
non-uniform distribution of the radiotracer in the tumor, especially the hypoxic regions, and
initiate clearance of the radiotracer from the tumor before it gets reduced and trapped in
hypoxic cells.

The SERP of the two radiotracers viz. miso-IDA-**"Tc(CO); complex and
[**F]FMISO being similar, lower tumor uptake of the former compared to the latter could be
attributed to its faster blood clearance. Slow clearance of tumor activity after 60 min p.i.
could be associated with the radiotracer reduced and trapped in the hypoxic tumor cells. The
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steadily decreasing level of activity in muscles is, again, a positive indication of hypoxia
specific reduction occurring in tumor.

Though, the tumor associated activity observed with miso-IDA-*"T¢(CO)s complex
as well as [**F]FMISO decreased with time, the rate of decrease was higher for the latter than
the former. While, ~45% of tumor associated activity observed at 60 min p.i. was cleared at
180 min p.i. for [**F]FMISO, only ~28% reduction in tumor associated activity was observed
with miso-IDA-*"T¢(CO); complex during the same interval. This observation suggests that
reduction products of miso-IDA-*"Tc(CO); complex is less permeable across the cell
membrane than the reduction products of [**FJFMISO. However, no attempt was made to
analyze the reduction products of either radiotracer.

The variation in TBR observed with miso-IDA-**"Tc¢(CO); complex and [**F][FMISO

is shown in figure 4.12.
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Fig. 4.12. Variation in tumor to blood ratio of miso-IDA-**"T¢c(CO); complex and [*®*F]FMISO at
different time points

132



While TBR of [**F]JFMISO gradually increased with time, that of miso-IDA-*"T¢(CO),
complex showed only marginal improvement, attaining a maximum value of 1.15 (0.05) at
180 min p.i. From figure 4.12, it could be observed that blood clearance of miso-IDA-
9mTc(CO); complex is slower than that of [*®FJFMISO, which adversely affected its TBR.
However, it is worth noting that blood clearance of miso-IDA-*"Tc(CO)s complex was
better than 2-nitroimidazole-IDA-**"Tc(CO); complex evaluated in Chapter 2. This could be
attributed to the —OH group present in miso-IDA ligand, which reduced the lipophilicity
(LogPow = 0.17 for miso-IDA-**"T¢(CO); complex, LogPow = 0.48 for 2-nitroimidazole-
IDA-*"T¢(CO)s complex) and improved blood clearance. Very high TMR was obtained for
miso-IDA-*"Tc(CO)s complex (TMR = 93 at 180 min p.i.), which could be attributed to its
fast clearance from muscles. Maximum TMR obtained with [*®F]FMISO was 4.7 at 180 min
p.I.

Major clearance of miso-IDA-**"T¢(CO); complex from the animal body was through
hepatobiliary route. There was no significant accumulation of activity in other vital organs
and the activity initially accumulated cleared with time. Distribution of miso-IDA-
¥mTc(CO); complex and [**F]JFMISO in various organs at different time points is shown in
figure 4.13(a) and (b), respectively.

4.5.  Conclusions

The miso-IDA-*"Tc(CO); complex evaluated in the present study showed uptake and
retention in tumor. Through the tumor uptake value obtained with miso-IDA-**"Tc(CO)s
complex was lower than that of [**F]JFMISO at every time point studied, the rate of clearance
of activity from the tumor after 60 min p.i. was slower for the former. This is an advantage,
since imaging protocol could be delayed to obtain better contrast between the hypoxic lesions
and the background. Though, significantly high TMR was obtained with miso-IDA-

%mTc(CO); complex, TBR obtained (~1at 180 min p.i.) was suboptimal for imaging. A hint
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for improving tumor uptake as well as TBR of miso-IDA-*"T¢(CO)s complex, and in
general, for any new radiopharmaceutical for detection of tumor hypoxia, could be obtained
from the clearance pattern of [**F]FMISO from blood. [**F]FMISO showed high initial blood
activity, facilitating better distribution and providing sufficient tumor residence time for the
radiotracer to undergo reduction and trapping, followed by gradual clearance, which
improved TBR as well as TMR. Structural modifications to misonidazole-**"Tc¢(CO)s
complex to modulate its blood clearance to mimic [**F]JFMISO may significantly improve its
pharmacokinetics. This is the possible future direction for the development of a **™Tc-

radiopharmaceutical for detection of tumor hypoxia.
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EPILOGUE

While the authors’ work has not resulted in a superior *™Tc-agent for detecting
hypoxia, it has provided some useful information for future work. This thesis clearly
demonstrated that blood clearance profile of radiopharmaceutical is extremely important in
deciding its overall efficacy to detect hypoxic tumor cells. The study also showed that
lipophilicity and charge, together decides the clearance pattern of the radiotracer from blood,
and hence, cannot be treated individually. This is a new insight, and this aspect should be
considered while designing next generation radiopharmaceuticals for detecting hypoxia.

A good hypoxia detecting agent should distribute quickly throughout the tumor mass,
reside there for ‘sufficient time’ to undergo hypoxia specific reduction, and then, clear from
blood and other non-target organs in couple of hours, such that an image with acceptable
level of contrast between the target and non-target tissue could be achieved. The hitch is to
predict the optimal residence time for the radiotracer to undergo reduction in hypoxic cells,
and at present, it can only be determined by trials. However, a logical starting point could be
to mimic the blood clearance pattern of [*®*F]FMISO, by appropriate modification of the
lipophilicity and charge of the radiotracer. The results obtained could serve as inputs for
further modifications to the radiotracer.

In authors’ view, few possible directions for developing next generation
radiopharmanceuticals for detecting hypoxia, is as follows. Use of bis-nitroimidazoles,
reported by Hay et al., is an interesting idea to hasten the reduction of the radiotracer in
hypoxic cells.?” Recently, couple of studies using radiolabeled bis-nitroimidazoles are
reported, where both the nitroimidazole moieties are the same.?*® The results obtained are
encouraging. However, slow blood clearance of the radiotracer resulted in poor tumor to
blood ratio. It would be an interesting idea to modify bis-nitroimidazoles with a, tridentate,

DETA or AEG ligand, which has shown fast blood clearance in authors work. Thus,
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enhanced reduction of bis-nitroimidazoles could be combined with favourable clearance
property of DETA and AEG ligands to, possibly, obtain a better hypoxia detecting
radiopharmaceutical. Evalution of radiolabeled bis-nitroimidazoles, containing two
differently substituted nitroimidazole (for eg. 2- and 4-, or 2- and 5- nitroimidazole) instead
of two same nitroimidazole, is also worth considering.

Another possible direction towards development of better hypoxia imaging agents
could be the use of liposomes to carry radiolabeled nitroimidazoles to tumor. Liposomes are
expected to accumulate significantly in tumor by virtue of their lipophilicity. There are
literature reports which describe the designing and preparation of pH sensitive liposomes,
which decompose under acidic condition. Intra-tumoral environment being acidic, such
liposomes can be used to transport nitroimidazole radiotracers to the tumor, where they will
break and release the radiotracer. Local excess concentration of nitroimidazole radiotracer
may enhance its hypoxia specific reduction in tumor. However, blood clearance pattern of the
liposome and its effect on target to non-target ratio has to be verified experimentally.

If a nitroimidazole-**"Tc(CO); complex, that significantly accumulates as well as
detects all clinically relevant hypoxic regions in a tumor, could be developed, the option of
using the corresponding *®®*®8Re(CO); analogue to deliver therapeutic dose directly to the

hypoxic tumor tissues could be explored.
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