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“The important thing is not to stop questioning. Curiosity has its own
reason for existing. One cannot help but be in awe when he contemplates the
mysteries of eternity, of life, of the marvelous structure of reality. It is enough
if one tries merely to comprehend a little of this mystery every day. Never lose

a holy curiosity.”

-Albert Einstein
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ABSTRACT

Two arabinofuranosyl sugars, methyl 5-deoxy-5-iodo-D-arabinofuranoside 3)
and methyl 2,3-di-O-acetyl-5-deoxy-5-iodo-o-D-arabinofuranoside (4), and one
arabinofuranosyl  nucleoside, 1-(5-deoxy-5-iodo-a-D-arabinofuranosyl)-2-amino-
imidazole (iodoaminoimidazole arabinoside: IAIA (8)), were chemically synthesized,
radioiodinated and biologically evaluated in mice as potential SPECT brain and tumor
imaging agents. In particular, compound § is a possible ['**[JIAZA metabolite that
could be responsible for the highly unusual brain uptake of radioactivity observed in
advanced cancer patients receiving diagnostic doses of ['**'I]JIAZA.

Direct synthesis from D-(-)-arabinose was the preferred synthetic method for
the sugar analogs. The stereospecific synthesis of [AIA was extensively studied. It
involved the glycosylation of 2-trifluoroacetamidoimidazole with 1-bromo-2,3,5-tri-O-
benzoyl-o-D-arabinofuranose. The protected o nucleoside was obtained in 44% yield.

Radioiodination of the sugar analogs was achieved by exchange labeling by the
pivalic acid “melt” method. Radiochemical yields greater than 90% were obtained for
both sugars by this method. The solvent exchange method in 2-propanol was preferred
for the radioiodination of IAIA because of its shorter reaction time. This method gave
radiochemical yields of 40-45% for IAIA.

In vivo biodistribution studies of the radioiodinated sugar analogs (in normal
mice) and IAIA (in normal and EMT-6 tumor-bearing mice) showed no active
accumulation of brain radioactivity. The abnormal brain uptake of radioactivity
observed in the ['*IJIAZA patients thus could not be explained by this study.

However, the maximum tumor-to-blood ratio for IAIA was 4.3 at 4 h with 0.83% of



the injected dose per gram of tumor. Liver radioactivity was found to be unusually
high at 24 h with a liver-to-blood ratio of about 30, accounting for 0.32% of the
injected dose. All three compounds showed rapid whole-body elimination (>95% at 4
h for the sugar analogs and >97% at 24 h for IAIA). Although a promising tumor-to-
blood ratio was obtained, high background radioactivity is likely to hinder tumor
imaging with this agent. On the other hand, its high liver-to-blood ratio may be
exploited in potential liver imaging.

The present glycosylation studies provided an impetus for the reinvestigation
of the anomeric configuration in the chemical structure of IAZA. Based on several

types of evidence, it was concluded that [AZA is actually the o anomer.
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1. Introduction

['33I]Iodoazomycin arabinoside (['*I]IAZA, 1A), an arabinofuranosyl 2-nitro-
imidazole nucleoside used in hypoxic cells imaging, has been shown to have selective
uptake into hypoxic tissues in both animal studies' and preliminary human studies
with cancer patientsl. Hypoxia, a state of oxygenation between the absolute absence
of oxygen (anoxia) and the normal state of oxygenation of healthy tissues, is caused by
the reduction of oxygen supply to tissue below physiological levels®. In tumors, low
oxygenation is most often due to inadequate blood supplies to meet their metabolic
demands. Recently ['23I]IAZA has been under investigation in advanced cancer
patients, where it is used to assess tumor hypoxia®, and in patients with diabetes
mellitus®. A very unexpected observation in the imaging of about one-third of patients
(3 out of 10 patients) from those preliminary studies>* (Appendix 1) was the brain
uptake of radioactivity in the later images (18-24 h) which was sufficiently intense to
provide excellent images of the brain (Figure 1). The time course of this highly
unusual uptake was not consistent with perfusion images and has been postulated to
represent metabolic trapping of radioactivity in the brains of ['*’IJIAZA patients
(McEwan, unpublished resulits).

If a single-photon-emitting, radioiodinated sugar analog that was produced
through metabolism of ['IJIAZA were actively accumulated in the brain tissues as
observed in the ['*IJIAZA patients, then this might be a valuable SPECT agent for
brain imaging. It would also be a very attractive SPECT metabolic alternative to 2-

['"®F]FDG and would extend its medical application to nuclear medicine facilities.
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Figure 1. Unusual brain uptake of radioactivity in the SPECT brain images of an
[mI]IAZA advanced cancer patient (McEwan, unpublished results).
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The actual species or metabolites causing this abnormal uptake of radioactivity

have not been identified. Two possible metabolic pathways are proposed. Metabolites
from each of these pathways were evaluated in this preliminary study for their roles in
the observed accumulation of brain radioactivity in the ['Z*IJIAZA patients.
Proposed Metabolic Pathway |

The first hypothesized metabolic route involves the enzymatic cleavage of the
N'-glycosidic bond between the 2-nitroimidazole nucleobase and the radioiodinated
arabinofuranosyl sugar moiety. ['*IJIAZA has been observed to undergo metabolism
in vivo and the decoupled radioiodinated arabinofuranosyl sugar 2 is a probable initial
product of this process (Scheme 1) (McEwan, unpublished results). The metabolized
['*IIAZA yields a radioiodinated sugar analog 2 which then undergoes passive or
active uptake into brain tissues and hence becomes metabolically trapped. This radio-
iodinated sugar derivative 2 is postulated to be a likely candidate responsible for this
anomalous brain uptake of radioactivity in the brains of the ['**IJIAZA patients. It is
known that many enzymes exist for the metabolic cleavage of the N'-glycosidic bond
in nucleosides. One such enzyme is thymidine phosphorylase®’ which is used to assess
the relative resistance to enzymatic cleavage by the ribofuranosyl and arabinofuranosy!
structure®. Although a number of arabinofuranosyl nucleosides have been shown to
be more stable than their ribofuranosyl counterparts in vivo and in vitro®, it is
conceivable that in vivo enzymatic cleavage of the arabinofuranosyl nucleoside could
still occur to an appreciable degree to allow sufficient quantities of the metabolite to

accumulate in the brain.



Scheme 1. A proposed metabolic pathway for ['*I]IAZA (1A).
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This type of metabolic trapping behavior has been recognized and exploited

[

with the radiofluorinated sugar 2-deoxy-2-['BF]ﬂuoro-D-glucose (2-['8F]FDG) to
achieve metabolic and functional brain imaging using positron emission tomography
(PET) techniques. 2-['°F]JFDG has been widely used to detect many metabolic
abnormalities in the brain'® and can indicate disease states even when conventional
imaging indicates no structural change in the brain. It is also highly successful in the
detection of tumors and the evaluation of tumor metabolism'"!'%,

Despite the tremendous potential of 2-['®FJFDG, studies are generally limited
to PET centers that have medical cyclotron facilities available for the production of the
short-lived (110 min) fluorine-18. This is a severe limitation on the widespread
clinical application of this agent. The current lack of a SPECT metabolic brain
imaging agent also provides an impetus for the studies on radioiodinated sugar analogs
metabolized from ['*'I]JIAZA as potential SPECT brain imaging agents. At present

radiopharmaceuticals for brain imaging can be classified into the following

categoriesIO (Table 1).
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Table 1. Some examples of PET and SPECT radiopharmaceuticals currently
used as brain imaging agents'®.

Types of imaging PET SPECT
agents
Blood-brain barrier [*®Ga]EDTA [**™Tc]Pertechnetate (TcOQy)

(BBB) agents

Cerebral perfusion
agents

Cerebral receptor-
binding agents

Cerebral
neurotransmitter
agents

Cerebral
dopamine-transporter
agents

Cerebral
metabolic agents

Monoclonal
antibodies

["’N]Glutamate

['*OJH,0
['*0]0;

['SF]Methylspiperone
analogs
3-N-["'C]Methylspiperone

['8FIFDOPA

[''CIB-CIT (cocaine analog)

2-["’FIFDG
- lC]-2-De:oxy-D-glucose

['*'1)3F8

[*'TI}Thallous chloride
(TIC])

[*™Tc]Hexamethylpropylene
amine oxime ([**™Tc]HMP-
AQ)

Isopropyl-p-[l23 [Jliodoamphe-
tamine (['*I]IMP)

3-['¥n [odo-6-methoxybenza-
mide (['*I]IBZM)

None reported to date

[123I]B_CIT

None reported to date

(®*'1)3F8

Many compounds cannot cross the blood-brain barrier (BBB) in the normal

brain but do so in some brain pathologies because of the breakdown of the BBB.

These are called BBB agents. In contrast, cerebral perfusion agents cross the BBB and

localize in the normal brain tissue but have altered uptake in abnormal tissues.
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Cerebral receptor-binding agents bind specifically to brain receptors (e.g. dopamine

and opiate receptors) while cerebral neurotransmitter agents give a cerebral
distribution of neurotransmitter activities which are often different for normal and
abnormal tissues. Table 1 shows that the lack of a direct SPECT measure of bio-
energetics is now the only significant difference between PET and SPECT tracers.
Proposed Metabolic Pathway 2

['23I]IAZA, like its 2-nitroimidazole predecessors, has been demonstrated to be
a radiosensitizer for hypoxic tissues. Radiosensitizers are agents that sensitize hypoxic
cells to the lethal effects of ionizing radiation. 2-Nitroimidazoles typically undergo a
preliminary reversible intracellular reduction step in all cells. In hypoxic cells where
the Oa concentration is low, they can undergo further bioreduction to reactive
intermediates (nitroso and hydroxylamine) that bind to cellular components (See
Scheme 4), contributing to tissue sensitization of ionizing radiation.

The amino derivative, which cannot be further reduced, is the final product of
this bioreduction process. This radioiodinated 2-aminoimidazole nucleoside is thus a
potential metabolite of ['*’IJIAZA and is speculated to be another possible candidate
responsible for the observed brain radioactivity. It is conceivable that after bio-
reduction, this 2-aminoimidazole metabolite leaves the cell and then undergoes
passive or active uptake into the brain and is once again metabolically trapped. This
brain uptake could be facilitated by specific nucleoside and/or amine transporters'?,
while its subsequent brain accumulation could be effected by a pH-dependent trapping

mechanism in which the amino group is protonated by the slightly lower cerebral pH'™.
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This 2-aminoimidazole nucleoside is also a potential SPECT tumor imaging

agent. At present, tumor imaging agents comprise a number of different classes as

shown in Table 2'>. This table illustrates that a considerabie number of biochemical

(e.g. hypoxic cell agents) or physiological processes (e.g. perfusion) are involved in

tumor uptake mechanisms. The agents listed in Table 2 are either clinically useful

or those which have clinical potential.

If this 2-aminoimidazole nucleoside were

found to be selectively localized in tumor cells, it would have the potential to be added

to this list of useful tumor imaging agents.

Table 2. Some examples of radiopharmaceuticals used for PET and SPECT

studies of cancer'>.

Type of processes

PET
radiopharmaceutical

SPECT
radiopharmaceutical

General biochemical and
physiological processes:
Glucose metabolism

Perfusion

Oxygen
metabolism

Amino acid uptake
and protein synthesis

Nucleic acid
metabolism
(DNA replication)

Glucosamine
uptake

2-['®FIFDG

["’NINH;, [O]H,0
['°0]0,
[''C]Methionine

['JN]Glutamate

["'C]Thymidine

['®F]Fluoroacetyl-D-
glucosamine (2-['*F]FAG)

None reported to date

[**"Tc]HMPAO
N-Isopropyl-p-['*1]-
iodoamphetamine

None
3-['*’1]lodo-a-methyl-L-
tyrosine (['**I]IMT)
5-['*Illodo-2'-deoxy-

uridine (['**IJIUdR)

m,0-2-Deoxy-2-N-(['31}-
iodobenzoyl)-D-glucosa-
mine (mn, o-[mI]BGA).




Table 2 (Cont’d). Some examples of radiopharmaceuticals used for PET and

SPECT studies of cancer®®.

Types of Processes

PET
radiopharmaceuticals

SPECT
radiopharmaceuticals

Organ-specific or other
specialized biochemical
and physiological
processes:

BBB permeability

Receptor-specific
ligands

Monoclonal antibodies

Hypoxic cell agents

Nucleoside analogs

Hepatobilliary agent

Adrenal medulla
accumulating agent

Other processes ( e.g. pro-
tein-binding agents, Na*-
K* pump uptake agents)

[3*Rb]RbCl
[®®Ga]EDTA

['SF]Fluoroestradiol

['**[JHMFG1
['**1]3F8

['SF]Fluoromisonidazole

['®F]Fluorodeoxyuridine

None

['**I]Metaiodobenzyl-

guanidine (['"**[JMIBG)
['®F]Metafluorobenzyl-
guanidine (['*FIMFBG)

[68Ga]Gallium citrate

[**™Tc]Glucoheptonate
([*"Tc]GH)
[*°™Tc]Diethylenetriamine-
pentaacetic acid
([*’™Tc]DTPA)

['''In-DTPA-D-Phe]-
Octreotide (OctreoScan®)
['*I-Tyr-3]-Octreotide

[''"'In]OncoScint®
[**™Tc]Anti-CEA (a Fab
fragment)

['**1]IAZA

['**1]IUdR

[*®™Tc]Hepatobilliary
iminodiacetic acid
([*°*™Tc]HIDA)

(*'I]Metaiodobenzyl-
guanidine (['*'[JMIBG)

[67Ga]Gallium citrate
[*°'TITICI
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These two metabolic pathways provided a rationale for the chemical syntheses

and radioiodination of the two deoxyiodo sugars, anomeric methyl 5-deoxy-5-iodo-D-
arabinofuranoside (3) and methyl 2,3-di-O-acetyl-5-deoxy-5-iodo-a-D-arabino-
furanoside (4), and the 2-aminoimidazole nucleoside, [-(5-deoxy-5-iodo-a-D-ara-
binofuranosyl)-2-aminoimidazole (iodoaminoimidazole arabinoside: IAIA, 5). These
proposed metabolites were then biologically evaluated in mice to determine if they
could have had roles in the observed SPECT brain images of ['**IJIAZA patients. The
chemistry of the glycosylation reaction with Nz-protected 2-aminoimidazoles was also

extensively investigated.

I o I (o) I (0}
HO OCH; AcO HO
OCH;

N NH,
OH OAc OH [I \I(
3 4 S N

During the course of this investigation, the 'H NMR spectrum of aminoimida-
zole arabinoside (AIA, 6), which is believed to be the o nucleoside, was found to be
identical to the sample chemically reduced from azomycin arabinoside (AZA, 7). This
observation appears to contradict the B anomeric configuration of IAZA (1A) in

literature' and provided an impetus for further investigations.

HO O HO 0
HO HO

N NHZ N NOZ
OH OH
Y T
N N
6 1
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Section 2.1 provides a survey of radiolabeled sugar analogs that have been

studied or are in current clinical use. Hexopyranosyl sugars as PET and SPECT agents
are reviewed because no corresponding studies with radiolabeled pento-furanosyl
sugars have been reported to date. Since the proposed metabolites are sugar analogs
and derivatives, and this study is motivated by the possible development of a SPECT
radioiodinated sugar analog, a review of the most common hexopyranosyl sugars used
in PET and SPECT imaging is important. However, this review does not suggest that
the mechanisms of uptake and accumulation in cells are the same for both
hexopyranosyl and pentofuranosyl sugars, nor are the roles of hexopyranosyl sugars in
bioenergetics the same as their pentofuranosyl counterparts.

The chemical syntheses, radioiodination reactions, biological evaluations of the
proposed metabolites, as well as investigations that led to the conclusion of the o
anomeric configuration in the chemical structure of IAZA (1A), are the subject of this

thesis and are included in Section 4.



2. Survey of Related Literature

2.1. Radiolabeled hexopyranosyl sugar analogs for metabolic brain and
tumor imaging

2.1.1. 2-Deoxy-2-["*F]fluoro-D-glucose (2-['*FIFDG)
Of the positron emission tomography (PET) metabolic agents, 2-{'*F]FDG (8)
is the most widely used in the metabolic studies of the brain and in the detection of

HAZI617 - Uplike the heart, which uses several other metabolic substrates such

tumors
as non-esterified (free) fatty acids (e.g. palmitate) and ketone bodies (e.g. aceto-
acetate), the brain uses glucose (9) almost exclusively (99%) as its energy source. 2-
['"*FIFDG as a glucose analog becomes a primary metabolic marker of cerebral glucose
utilization. This cerebral glucose metabolism indicates average cerebral metabolic rate
for the entire brain and hence provides only a measure of global cerebral function. In
order to detect and identify any particular task or malfunction of the brain, small and
subtle changes in the local cerebral metabolic rate of glucose (LCMRGlIc)'® have to be
detected and measured by PET. This LCMRGIc has been successfully measured in
humans'®. For example, up to a twofold increase in LCMRGlIc has been observed in
the visual cortex from the nonstimulated state (eyes-closed control group) to complex
visual stimulation by a visual scene in a park'®. Indeed, mapping of functional activity

caused by sensory stimuli (visual, auditory, tactile) in the brain with 2-['*F]JFDG has

been demonstrated'’.

OH OH
o o
HO HO
HO - OH HO o OH

8 2
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Numerous cerebral disorders have been detected by 2-['*F]FDG. Regional
cerebral glucose hypometabolism (decreased 2-['®F]FDG uptake) was reported to
occur in the majority of partial epilepsy patients™ and in patients with Alzheimer’s

disease™'**. 2-['"®F]FDG has further been used to probe other clinical disorders such as

23.24 28.29 30.31

25.2 . , . ) . . .
trauma™**, stroke®>*®, Parkinson’s disease®’, dementia®**°, and sleep deprivation

Its high accumulation in sites of cerebral inflammation has recently been
demonstrated***>.

2-["*FIFDG also plays a very important role in the detection of brain tumors. It
is used for brain tumor grading™-**, detection of recurrent or residual tumors*®*’, and
prediction of clinical outcome®®®. Additionally, 2-['8F]FDG has been used to
evaluate cerebral lesions in AIDS patients*® and to differentiate recurrent tumors from
radiation necrosis in patients receiving radiotherapy®'.

Since 2-['*F]FDG has an immense value as a probe for detecting abnormalities
in tissues that have a high glycolytic demand (such as heart, brain, and tumors), it is
not surprising that it is one of the most widely used PET radio-pharmaceuticals today.
Indeed, the usefulness of 2-['®*F]FDG is based completely on the principle of metabolic
trapping first exploited by Sols and Crane*? in 1954. The use of 2-deoxy-D-glucose (2-
DG, 10) as a substrate for the enzyme hexokinase “isolates the hexokinase reaction™ in
that the hexose phosphate formed is metabolically trapped and does not enter into the
subsequent metabolic steps of glycolysis. This important property led to the work of
Sokoloff, Reivich et al.*’ in which they measured the rates of glucose consumption in

the different structural and functional components of brain in vivo using ['*C]-10 and

quantitative autoradiography. This in turn stimulated the development of labeled
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analogs of 10 which might allow measurement of regional brain glucose metabolism

in humans using emission tomography. A gamma or positron-emitting radionuclide
that would not significantly change the biochemical properties of 10 is desired. The
use of fluorine-18 as a radiolabel at C> was chosen on the following basis:

1. The hexokinase reaction has been demonstrated to be relatively insensitive
to structural modifications at C» of glucose*** (Table 3). 2-FDG is a good substrate
for yeast hexokinase (K, = 0.19 mM) when compared with glucose (K, = 0.17mM).
K,,, the Michaelis constant, is the substrate concentration at which the reaction rate is
half of its maximal value, V,... In this case, K, is the concentration of substrate at
which half the active sites of hexokinase are filled. 3-Deoxy-3-fluoro-D-glucose (3-
FDG, 11) and 4-deoxy-4-fluoro-D-glucose (4-FDG, 12), on the other hand, are poor

substrates with K, values (~ 80 mM) much larger than that of glucose.

ol OH OH
0] O
° HO F
HO
HO OH F OH OH HO OH OH
10

u 12

Table 3. Comparisons of relative kinetic constants of glucose analogs with
structural modifications at carbons 2, 3 and 4*° and hexokinase.

Substrate K. (mM) Relative V.
D-Glucose (9) 0.17 1.00
2-DG (10) 0.5910.11 0.85
2-FDG (8) 0.1910.03 0.83
3-FDG (11) 70430 0.10
4-FDG (12) 84+30 0.10
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2. 2-FDG is known to be a suitable substrate for hexokinase™* (Scheme 2)

but 2-deoxy-2-fluoro-D-glucose-6-phosphate (2-FDG-6-P), the only observed product

of this hexokinase reaction™, is a relatively poor substrate for subsequent metabolic

steps®. Consequently, this species is trapped in tissues with high hexokinase activity

and released at a very slow rate, permitting determination of regional glucose
metabolism which would be difficult if metabolism were to proceed.

Scheme 2. Metabolic trapping of 2-['®*F]FDG in tissues.
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3. The fluorine atom is similar in size as rneasured by its van der Waal radius
(1.35 A) compared to the hydrogen atom (1.20 A). The bond length of a carbon-
fluorine bond (1.39 A) is comparable to that of a carbon-hydrogen bond (1.09 A). The
fluorine atom thus mimics a hydrogen atom in 2-DG (10) with respect to steric
requirements at the enzyme-receptor site*.

4. Since the strong carbon-fluorine bond (485 kJ/mol) exceeds that of a carbon-

hydrogen bond (410 kJ/mol), substitution with fluorine increases the oxidative and
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thermal stability of the molecule. This usually results in both chemical and biological

stability of the fluorine-18 label.

5. The replacement of hydrogen with fluorine usually increases the lipo-
philicity of the molecule. The presence of the highly electronegative fluorine atom is
believed to decrease the hydrogen bonding abilities of other hydroxyl groups on
glucose, resulting in faster rates of passive transport and subsequent absorption.

6. The characteristics of fluorine-18 for PET, radiopharmaceutical synthesis
and for patient dosimetry are nearly ideal. Fluorine-18, like carbon-11, decays by
positron (B*) emission (97%) and emits two 511-keV photons 180° from each other as
a consequence of annihilation of the positron with an electron. These decay
characteristics are well suited for the modern PET camera. Its production can be
achieved by either the 2ONe(d, a)'®F or 'SO(p, n)'®F nuclear reaction with simple and
low-energy cyclotrons.

2-["®F]FDG is therefore an extremely useful probe for measuring regional
glucose utilization which in turn reflects energy metabolism and functional activities.
Obviously, 2-['8F]FDG would not be too useful as a quantitative marker if all tissues,
including normal and abnormal, were to have same glycolytic activities. Indeed, the
value of metabolic markers in general, and 2-['*F]FDG in particular, lies in their
abilities to differentiate tissues with different rates of glycolysis. For example,
regional glucose hypometabolism is reported to occur in the temporal lobe of the brain
in most partial epilepsy patients®, and in the temporo-parietal areas in patients with

. . 7 2
Alzheimer’s disease’'>>.
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In the case of tumors, the important distinction lies in the increased level of

glycolytic activities in tumor tissues compared to normal tissues. This glucose hyper-
metabolism was first demonstrated more than fifty years ago®’. Studies using Morris
hepatoma cell lines, which are slow-growing and considered to be well-differentiated,
revealed that the degree of increased glycolysis and the activity of key enzymes in
glycolysis, such as hexokinase, correlated with the rate of tumor growth>'. However, it
has yet to be determined whether a high glycolytic rate is essential for cancer cells or is
a consequence of other metabolic processessz. Nevertheless, 2—['8F]FDG has been
successful in diagnosing various tumors based on this tumor metabolic imaging
principle.

2.1.2. Other PET sugar analogs
Carbon-11-Labeled sugar analogs

A number of ''C-labeled glucose analogs have been synthesized for studying
cerebral and myocardial energy metabolism. [''C]D-Glucose™ was initially un-
successful in measuring the in vivo cerebral and myocardial energy metabolism
because of its low extraction from the coronary circulation and its widespread

43¢ Since glucose transport is a passive and carrier-

distribution to other organs
facilitated process, selective accumulation within a tissue against a concentration
gradient does not occur; there is only an equilibrium between intracellular and
extracellular glucose concentrations®’. Furthermore, glucose rapidly enters numerous
metabolic pathways and the tendency toward equilibrium would continuously affect

net glucose influx, resulting in redistribution of its 'C-labeled metabolites and,

ultimately, the loss of radioactivity from the organ. For this reason, a glucose analog
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suitable for imaging has to be constructed in such a way that it would be transported

and phosphorylated as a normal glucose molecule but would then not undergo a
metabolic transformation unique to the analog. In other words, it is necessary to
design a glucose analog that is intracellularly trapped longer than a glucose molecule
in order to effect imaging.

1.8 have reported preliminary studies of using the mixture

However, Hara ez a
of I-[”C]D-glucose and 1-[''C]D-mannose as specific tumor markers to visualize
tumors in vivo. Furthermore, recent studies have indicated that I-{ ”C]D-glucose can
be used in conjunction with mathematical modeling to determine accurate measure-
ments of blood-to-brain glucose transport and cerebral glucose metabolism in vivo
even under conditions of severe hypoglycemia®. This mathematical model includes
another rate constant which accounts for regional egress of all ''C-labeled metabolites.
Feasibility of imaging pentose cycle glucose metabolism in human gliomas with PET
in rat brain tumor models have also been explored using this radiolabeled glucose and
the results have been promising®®.

2-Deoxy-D-glucose (2-DG, 10) was the forerunner of 2-FDG and has been
used in the study of various aspects of carbohydrate metabolism for over two decades.
Its ''C-labeled analog 1-[''C]-10 has been synthesized and used to measure regional
glucose metabolic rate®'"**. Even though this tracer is a natural analog of glucose, it is
not as widely used as 2-['*F]JFDG in metabolic studies of the brain. This is possibly

due to the very short half life of carbon-11 (20 min), making routine clinical studies

impractical.
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Another ''C-labeled glucose analog, 3-[''C]-methyl-D-glucose®>*® (CMG, 13)

has been used to assess regional glucose transport across the blood-brain barrier
(BBB)*"®®, CMG has a high affinity for the glucose transporter and it showed rapid
brain and heart uptake® in mice. It is therefore a valuable agent for the study of
ischemic brain disease®®, although it is not a substrate for hexokinase and is not
metabolically tapped inside the cell.

l-[”C]-D-Glucosamine (14), a structural unit of many biologically interesting
macromolecules (see page 18), has also been biologically evaluated. Its biodistribution

studies in rats showed that the intact BBB substantially lowered its availability to the

70

brain™. No further evaluations of this ''C-labeled amino sugar have been reported.
OH OH
0] o
HO HO
11CH;0 ~
3 OH OH HO NH, OH

13 14
These four glucose analogs are all radiolabeled with the physiological radio-
nuclide carbon-11. Therefore, their biological behavior is expected to be virtually

identical to their unlabeled counterparts. Despite this advantage, they showed
different mechanisms of uptakes and only l-[”C]—Z—DG (l—[”C]-_lQ) was shown to be
metabolically trapped analogous to 2-['®F]JFDG. The short half-life of carbon-11
makes shipment from a remote site of preparation to a hospital or nuclear medicine
clinic impractical. These complicating factors with ''C-labeled analogs have contri-

buted to the widespread popularity of the more versatile and longer-lived 2-['*F]JFDG.
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Fluorine-18-labeled glucose analogs

3-Deoxy-3-fluoro-D-glucose (3-FDG, 11) is a substrate for hexokinase*
despite its considerably larger K,, when compared to 2-FDG and glucose itself (Table
3). Animal biodistribution studies of 3-[‘8F]-u in mice and dogs revealed that signi-
ficant amounts of radioactivity were localized in brain and heart and were retained
there longer than in other organs’'’>. Tumor uptakes of 3-['*F]-11 in rats was also
found to parallel those observed in 2-[[8F]FDG73. Comparative studies with 3-['8F]-
FDG and CMG (13) revealed that 3-['®F]-11 could be considered as a CMG analog for
in vivo determination of local glucose perfusion and transport rates. In vivo kinetic
studies using '’F NMR have also been performed with this glucose analog in diabetic
rat brains”*. However, no studies with 3-['8F]-u in humans have been reported.

4-Deoxy-4-fluoro-D-glucose (4-FDG, 12) was observed to behave similarly to
11 as a hexokinase substrate (Table 3) and thus it is expected to be carried into cells by
glucose transporters. The presence of hydrogen bonding between the fluorine atom at
C; in the D-gluco configuration and the glucose transporter provides a structural
requirement for transport’>. 4-['8F]FDG has been successfully synthesized’ but no
biological data have been reported to date.

D-Glucosamine and its derivatives are structural components of many
biologically important molecules such as membrane glycoproteins and muco-
polysaccharide’’. It was reported that the invasive VX-2 carcinoma (previously called
V2 carcinoma) grown in rabbits contained larger amounts of hyaluronic acid than
when grown in nude mice’®, where it is less aggressive. Hyaluronic acid is the most

abundant mucopolysaccharide present in cell membrane and in the extracellular
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ground substance of the connective tissues of vertebrates’”. Since repeating units of

hyaluronic acid is a disaccharide composed of D-glucuronic acid and N-acetyl-D-
glucosamine linkages, the tumor uptake of N-['®F]fluoroacetyl-D-glucosamine
({'"*FIFAG, 15), a structural analog of N-acetyl-D-glucosamine, was studied.

['*FIFAG was first synthesized by the Japanese group at Tohoku University®
and its incorporation into hyaluronic acid was shown by Winterbourne er al *'. Fuji-
wara et al.”’ showed that there were high uptakes of 15 in tumor, liver and kidney but
relatively low uptakes were observed in the brains of mice and rabbits. It could thus
have a potential for detecting tumors in humans.

None of the three '®F-labeled glucose analogs have been studied in humans. 3-
['SF]FDG has the most clinical potential among the three because of its promising
animal biodistribution data. Although no biological data have yet been reported for 4-
['*FIFDG, its biological properties might be quite similar to those for 3-['*F]JFDG
because of their comparable K, values (Table 3). ['SF]FAG, on the other hand, has a
very different mechanism of uptake (incorporation into hyaluronic acid). These

literature findings show that 2-['3F]FDG continues to be the preferred PET imaging
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Other Fluorine-18 sugar analogs

?.-Df:oxy~2-['31:]fluoro-D-galactosc:m‘83 (2-['*F]FDGal, 16), although not used
in brain imaging, has proven to be of value in evaluating liver metabolism®** and
hepatomas®’. D-galactose is actively transported into the cell and is phosphorylated to
galactose- 1-phosphate by galactokinase, and is finally used for glycoprotein synthesis
or changed to glucose to be used as an energy source®’. 2-['®F]FDGal is localized
competitively with D-galactose in the liver, and is phosphorylated by galactokinase. It
is subsequently trapped after a second (uridylation) step of the galactose pathway
(Scheme 3)%.

Uptake of 16 directly reflects galactose metabolic activity in the tissue.
Although this marker has high uptakes in well-differentiated, spontaneous hepatoma of
C3H mice and well-differentiated Morris hepatoma, it has very low uptakes in poorly-
differentiated hepatomas and metastatic liver tumors of other origins. 2-['*F]-FDG is
thus more useful than 16 in detecting hepatomas; in the latter sugar, uptakes in normal
livers are even higher than those in well-differentiated hepatomas. However, 2-['*F]-

16 could still be used to assess galactose metabolism in tumors.
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Scheme 3. Metabolic trapping of 2-['*F]FDGal in liver tissues®®.
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2-Deoxy-2-fluoro-D-mannose (2-FDM), a C, epimer of 2-FDG, has been
extensively used for studies of glycoprotein biosynthesis and function® and its '8F-
labeled counterpart® (17) has been reported to be a useful radiopharmaceutical for
cancer diagnosis in humans by PET”.  Furthermore, 2-deoxy-2-['8F]ﬂuoro-B-
mannosyl ["*F]fluoride (18), a glycosidase inhibitor, has been synthesized and
observed to form a covalent glycosyl-enzyme intermediate in vitro which may allow

glycosidase activity in the brain to be imaged by PET*'%2.
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In a comparative study with 2-['®F]FDGal (16), 2-deoxy-2-['®Ffluoro-D-
altrose (2-['*FIFDA, 19) and 2-deoxy-2-['*Flfluoro-L-glucose (L-2-['*F]FDG, 20),
biodistribution studies were pc:rformed"3 . 2-['®F]FDA was found to be rapidly cleared

from all organs, and 2-L-['*F]FDG was also rapidly excreted via the kidney and
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cleared moderately rapidly from other tissues. No accumulation in the liver, as was

the case for 2-['*FJFDGal, was reported for these two glucose analogs.
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2-Deoxy-2-['*F]fluoro-D-talose®*** (2-["®F]FDT, 21), another C, epimer of 2-
['*FIFDGal, has been shown to behave similarly as 2-['*F]FDGal. 2-['*F]FDT enters
the D-galactose metabolic pathway and undergoes a metabolic trapping via 2-
['*F]FDT-1-phosphate which is phosphorylated by galactokinase in the liver and
tumor. Therefore, 2-['®F]FDT is likely to be a promising radiopharmaceutical for the
measurement of galactokinase activity by PET in the future.

D-Fructose, a physiological ketohexose, behaves analogously to D-glucose for
energy production in humans®. Although D-fructose is known to be phosphorylated
to fructose-6-phosphate by hexokinase, its affinity for this enzyme is significantly
lower than that for D-glucose”. It is primarily converted to D-fructose- 1-phosphate by
fructokinase in human tissues such as the liver, gut and kidneys. Therefore, the
metabolism of D-fructose by fructokinase could be blocked by introducing a fluorine
atom at C; of D-fructose and might be subjected to metabolic trapping analogously to
2-[®*FIFDG. l-Deoxy-l-['BF]ﬂuoro-D—fructose (22) has been synthesized and its
biodistribution studies in rats indicated that there was initial high uptake and

subsequent rapid washout of radioactivity in kidney, liver, and small intestine,
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suggesting no metabolic trapping in these organs®®. The uptake in brain was also low,

probably due to the low BBB permeability of this tracer.

Among these six '*F-labeled sugar analogs, 2-['*F]FDGal appears to be the
most promising in its role in assessing liver metabolism. 2-["*F]FDT is also found to
be another interesting alternative to 2-['*F]JFDGal. The remaining "®F-labeled sugar

analogs have little or no metabolic trapping in the brain, liver or tumor.
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Bromine-labeled glucose analogs

A number of glucose analogs labeled with bromine-75 (t;» = 1.6 h) have been
evaluated as potential PET tracers for glucose utilization in heart and brain by Kloster
et al %10 3—Deoxy-3-[77Br]bromo-D-glucose (3-[77Br]BDG, 23) was investigated
based on the results of 3-FDG described earlier’'”*. Although 23 is a substrate for
hexokinase and is metabolically stable, it is not suitable for in vivo studies because the
brain uptake was far too low and the heart-to-blood and lung-to-blood ratios were
considerably less than unity. These factors make myocardial studies impossible'm.

The Stocklin group was not able to synthesize 2-deoxy-2-["°Br]bromo-D-
glucose (2-[°Br]BDG, 24)'®. However, Zhou et al.'®*'% succeeded in preparing 24
and showed its biological data was significantly inferior to that of 2-FDG.

Consequently, studies with 24 were not further pursued.
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The Stécklin group turned their attention to the intermediates in the synthesis

of 2-BDG from 3,4,6-tri-O-acetyl-D-glucal (25)'°". Two bromo intermediates, methyl
2-deoxy-2-[75Br]bromo-B-D—glucopyranoside (["’Br]MBDG, 26) and methyl 3,4,6-tri-
O-acetyl-2-deoxy—2-[7SBr]bromo-B-D-glucopyranoside ((Br]MTBG, 27) were
prepared and evaluated as potential tracers for glucose transport rate. Biodistribution
studies in mice showed that 26 behaved as a glucose transport tracer: after rapidly
entering most tissues, it was washed out parallel to its elimination from blood. Brain

radioactivity was, however, low.
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The tri-O-acetyl derivative 27, on the other hand, reached high brain
radioactivity concentrations and the brain uptake was larger than that of any other
compound studied by the Stécklin group. The mechanism by which 27 entered the
brain is still unknown. If 27 is a substrate for the glucose transporter at the BBB, it
may be a useful longer-lived alternative to 3-[”C]methy|-D-glucose (13) as a PET
tracer for regional glucose transport rate.

Although bromine-75 is more easily handled than fluorine-18, the introduction
of a bromine atom inevitably changes the electronic and steric properties of the
molecule. This change would likely have a pronounced effect in its interactions with
enzymes such as hexokinase. Not surprisingly, with the exception of [°Br]MTBG

(27) which had unusually high brain uptakes of radioactivity in mice, the remaining
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three deoxybromo sugars had little or no biological significance. Furthermore, the

weaker carbon-bromine bond (276 kJ/mol) relative to the carbon-fluorine bond makes
radiobrominated compounds more susceptible to in vivo debromination. The resulting
radiobromide ion has a long plasma clearance half-life and causes high background
radioactivity. These disadvantages make radiobrominated sugar analogs less attractive
than 2-["*F]FDG.

2.1.3. SPECT hexopyranosyl sugar analogs

2.1.3.1. Rationale for investigating potential SPECT sugar analogs

Although PET sugar analogs such as 2-{"*F][FDG have been extremely useful
in studying regional glucose metabolism in humans, the positron-emitting
radionuclides ''C and '®F pose some serious practical problems. In general, radio-
nuclides used in nuclear medicine are artificial, which means that they are produced in
a cyclotron or a reactor. The types of radionuclides that can be produced in a cyclotron
or a reactor depends on 1) the irradiating particle (protons, neutrons, deuterons, o
particles or *He particles), its 2) energy of the irradiating particle (from a few
kiloelectron volts (keV) to several billion electron volts (BeV)) and 3) the target nuclei
(e.g. *Ne for the production of l8F). Since cyclotrons and reactors are usually
expensive, they are available only in a limited number of institutions. A number of
medically important short-lived PET radionuclides (”C, '3N, '50, 'SF) can be
generated only in the institutions that are close to cyclotron facilities and they cannot
be supplied to remote (< 4-5 h shipping time for '®F) hospitals or nuclear medicine

facilities because their activities decay too rapidly. For this reason, hospitals and
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nuclear medicine facilities must be geographically located in proximity to a cyclotron

in order to effect practical imaging studies.

Single photon emission computed tomography (SPECT) agents have the
advantage of longer half-lives (e.g. '*I) or generator production (e.g. **™Tc from **Mo
generator). Unlike PET agents, SPECT agents are single-photon emitters where the
nature of the emitted radiation is very different. These photons are individually
emitted and thus spatially and temporally uncorrelated. Such y-rays that are associated
with isomeric transitions and electron capture form the basis of SPECT®. Among the
single-photon emitting radionuclides, iodine-123 has gained considerable importance
in nuclear medicine because of its useful decay characteristics. It decays by electron
capture with a half-life of 13.2 hours and y-ray emission of 159 keV (86%). The two
most common nuclear reactions for the production of iodine-123 are '**Te(p, 2n)'*I
and "*"I(p, 5n)'*Xe <> '®L.  Although a cyclotron is still necessary for the production
of iodine-123, its relatively long half-life of 13.2 hcurs makes it a very attractive
alternative to fluorine-18 (110 min). Iodine-123 can thus be reasonably transported
from one place to another with sufficient activity remaining for radiochemical
synthesis, purification, formulation and subsequent imaging studies.

Faced with the higher costs of PET instrumentation and facilities, researchers
have turned to investigate glucose analogs which can be labeled with iodine-123 or

iodine-131, two radionuclides readily useable by all nuclear medicine facilities.



2.1.3.2. ['**"*'[]-1abeled glucose and other sugar analogs

3-Deoxy-3-['23I]iodo-D-glucose 3-['*11IDG, 28) has been prepared by Kloster
et al.”'" using the same method used for 3-{"’Br]BDG (23). In a patent application'™
it is stated that 28 was identical to glucose in absorption, distribution and metabolism
in the body of mice with the exception of the brain. In their own study, however, the
Stocklin group found that 28 had much lower and rapidly falling concentrations of
radioactivity in brain while the decrease in radioactivity was slower for the heart when
compared with 23. The metabolic stability of the '*I-label in 28 was good and less
than 0.7% of the administered dose was found in the thyroid at all time intervals after
1.v. administration. However, it could not be used for in vivo studies because of its low
brain-to-blood and heart-to-blood ratios.

Recently, Abbadi et al. have successfully synthesized 4-deoxy-4-iodo-D-
glucose (4-IDG) and its '*’I-labeled counterpart'®.  No biological data have been

reported to date.
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The Stécklin group also prepared the B-methyl glucoside (['ZIIMIDG, 29) and
the triacetyl B-methyl glucoside (['*IJ]MTIG 30) bearing an '*I-label at C,, analogous
to the bromo counterparts. Biodistribution data for 29 in mice paralleled those for

[*Br]MBDG (26) in which brain radioactivity was low. However, metabolic stability
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of 29 was good: less than 0.5% of the administered dose was observed in the thyroid at

any time.

The tri-O-acetyl derivative 30 showed high brain uptake in mice but this uptake
was lower than that of its bromo counterpart [”°Br]MTBG (27). The uptake was fairly
constant for the first 3-5 min after i.v. injection. This behavior is not expected for a
glucose transporter tracer but it resembles that of a blood flow tracer'®'. Heart-to-
blood and lung-to-blood ratios were less than unity and thus 27 is not likely to be used
in myocardial studies.

Although the Stocklin group was not able to synthesize 2-deoxy-2-iodo-D-
glucose (2-["*'[IIDG, 31) in agreement with the Wolf group®', Honda and Takiura'®
reported the synthesis of unlabeled 31. It was stable for at least 2 days in triethyl-
amine solution but it rapidly deiodinated on neutralization and dilution of the solution.
The stability of 31 could have a strong dependence on the pH and the ionic strength of
the solution. Decomposition was thought to occur through an a-iodo aldehyde in the
open chain form of the sugar. Due to its in vivo instability, further biological studies

have not been pursued.
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In an attempt to improve the stability of radioiodinated glucose analogs and
derivatives, 2-deoxy-2-O-(p-['*Iliodobenzyl)-D-glucose (4-['**I}IBG, 32) and its

ortho- and meta- isomers were synthesized and evaluated in vivo by Magata et al.'”’
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and Lutz er al '°. With an iodinated benzene ring, ['**NIBG analogs have the required

structural configuration to remain stable in vitro and in vivo. However, these
compounds were found to be poor substrates for hexokinase, and their overall tissue
uptakes were too low to be used as heart or brain imaging agents. Although tissue
uptake differences among the isomers were observed (possibly due to iodine position
and hence lipophilicity), they are still far inferior to 2-['®F]FDG.
Radioiodinated glucosamine analogs

According to Maley and Hardy'®, various glucosamine derivatives have been
reported as competitive inhibitors of hexokinase. Of these, the N-benzoyl gluco-
samine analog was considered the most promising candidate to be evaluated as a

clinical agent. Magata et al.'"

reported the syntheses of ortho-, meta-, and para-2-
deoxy-2-N—(['ZSI]-iodobenzoyl)-D-glucosamine (['PIIBGA) derivatives and studied
their interaction with hexokinase. Their studies concentrated mainly on the m- and p-
['*[IBGA (33, 34) due to labeling difficulties with '*1 in the o-['*IJBGA isomer (35).
m-BGA (33) had little or no brain uptake but showed a more rapid clearance from the
blood with higher systemic stability than its para isomer 34. These observations
suggested that it is highly possible to develop a clinically feasible '*I-labeled

radioligand on glucose that could monitor the quantitative changes and biodistribution

of hexokinase.
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Encouraged by the results of 33, Lutz er al.''! further studied these ['**I]BGA
analogs to determine the effect of iodine position and lipophilicity on tissue
distribution. They were able to radiolabel all three ['*I|BGA isomers with good
radiochemical yields for biodistribution studies in mice. Although 33 exhibited good
blood clearance as reported by Magata er al.''®, 35 displayed the highest uptake in
heart with the best blood clearance. A rabbit image recorded at 14 h post injection
showed significant heart uptake of 35. However, the mode of accumulation of 35
remains unclear.

Two esterified glucosamine analogs, l,3,4,6-tetra-O-acetyl-N—(m-['25 []-iodo-
benzoyl)glucosamine (['2SI]ABGA, 36A) and l,3,4,6-tetra—0-pivaloyl-N-(m-['2SI]-
iodobenzoyl)glucosamine (['*IIPBGA, 36B), were also studied''>. The permeability
of 33 into the brain was enhanced by esterification. However, in vitro and in vivo
studies showed that only 36A released free 33 by brain esterases, while no changes

were detected with 36B. The tetra-O-acetyl derivative 36A could thus have the

potential to function as a prodrug of 33 and deliver it into the brain.
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Other radioiodinated sugar analogs

A pair of 2-deoxy-2-fluoro-2-iodo-D-hexoses have recently been prepared and
evaluated as substrates for hexokinase from either yeast or bovine heart in vitro'' ',
2-Deoxy-2-fluoro-2-iodo-D-mannose (2-FIM, 37A) and 2-deoxy-2-fluoro-2-iodo-D-
glucose (2-FIG, 37B) were shown to be stable in physiological saline for several days
at room temperature. The '*I analog of 37A was also successfully prepared with a
radiochemical yield of 63%. However, neither analog was found to be a substrate for
hexokinase in vitro. The sugar analogs are hence not likely to be useful as '**I-labeled
analogs of 2-FDG for imaging of glucose metabolism but may be useful in studying
glucose transport.

Adding to the list of radioiodinated sugar analogs, a D-allose derivative, (E)-3-
C-['*Tliodovinyl-D-allose (38) has been studied''s. Although biodistribution studies
of this '*I-labeled analog in rats did not show any significant brain and heart uptake,
the study demonstrated that an iodovinyl moiety could stabilize radioiodide on a sugar,
minimizing in vivo deiodination. Flanagan et al.''"® have also reported the
radiochemical synthesis and biodistribution studies with 6-['251]iodo-6-deoxy-D-

galactose (39) in rats. Although designed as a glucose transporter marker, hepatic
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accumulation was not observed and scintigrams of rats injected with ['*'I]-39 offered

little potential as a tissue imaging agent in rats.
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A series of ester derivatives of '**I-labeled n-propyl-B-D-glucosides (40) were
biologically evaluated in mice as metabolic tracers in SPECT medical imaging''’, but
the levels of radioactivity observed in the organs of interest (heart or brain) remained
low. Recently an '*I-labeled D-maltose, 6'-deoxy-6'-['**I]iodo-D-maltose (41) was
studied in vitro and the preliminary results suggested that it interacts with the glucose
transporter and thus has the potential as a useful SPECT radiotracer for glucose
transporters''®.  No biological studies with radioiodinated pentofuranosyl sugar

derivatives are reported to date.
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The direct introduction of the even larger iodine atom (than a bromine atom)
on glucose causes severe steric effects because an iodine atom is much larger than a
fluorine atom. The electronic properties of the molecule are also affected by this

substitution because iodine is much less electronegative than fluorine. The relatively
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weak carbon-iodine bond further increases the possibility of deiodination. Therefore.,

these studies with '*I-labeled sugar analogs showed that the direct introduction of an
iodine atom on glucose severely changes the chemical and biological properties of the
sugar molecule. These iodinated glucose analogs did not show any significant brain
or heart uptakes in mice. The relatively weak carbon-iodine bond makes the radio-
iodine label chemically and biologically unstable. To counter this in vivo deiodination,
the iodine atom was introduced in sites further from the glucose molecule as in the
case of the ['25 [IBGA derivatives. Improved biological data have indeed been
obtained, but they were still far inferior to 2-['8F]FDG.

2.1.3.3. Technetium-99m-labeled sugar analogs

To date no **™Tc-labeled sugar analogs for metabolic imaging have been
reported. This is not surprising since the biggest problem with *°™Tc is its chemistry.
Technetium, which has atomic number 43 and belongs to Group VIIB in the periodic
table, is a transition metal and has electronic configuration [Kr]4d5s®. The loss of a
fixed number of electrons from the s suborbit or the d suborbit or hybridized orbitals
results in any of the seven oxidation states (+7 to -1) for technetium. Unlike labeling
with fluorine-18, labeling with metallic technetium requires chelation of this metal
with carrier molecules (ligands). The resulting coordination complex profoundly
changes the chemical and biological properties of the isolated ligand molecules and
this complex becomes a compound that no longer behaves biologically like the

original ligand molecule.
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An excellent example to illustrate this point is the SPECT BBB agent ™ Tc-

9

glucoheptonate (*"Tc-GH, 42). Glucoheptonate (gluceptate, 43)'"” is a salt of the
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parent seven-carbon aldoheptonic acid which is derived from the seven-carbon heptose
sugar. The proposed structure of this technetium-sugar coordination com-pound is a
dimeric complex consisting of two glucoheptonate ligands. It can easily be prepared
from a commercial kit containing sodium glucoheptonate, stannous chloride (SnCl.)
and pertechnetate (TcO,’). The reduction of TcO, (+7 oxidation state) with the Sn(Il)-
glucoheptonate (from SnCl, and sodium glucoheptonate) complex followed by
chelation with the excess glucoheptonate ligand results in the dimeric complex in
which the oxidation state of technetium is +5. In contrast with sugars (e.g. 2-
['SF]FDG), 9MTc.GH is not a metabolic agent. It is a BBB agent which normally does
not localize in the normal brain. It does so only in abnormal tissues because of the
breakdown of the BBB caused by primary and metastatic tumors or injury. Therefore,
any uptake of this BBB agent will result in a positive scan indicating brain
abnormalities. **™Tc-GH is also widely used in renal imaging and its processing in the

kidneys includes glomerular filtration, tubular secretion and cellular uptake which are
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all very different from metabolic trapping. Therefore, **™Tc-GH provides an excellent

example of how coordination with technetium fundamentally alters the chemical and
bioiogical properties of the sugar molecule, and the resulting new complex behaves in

a totally different manner from the original sugar molecule.
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2.2. Radiolabeled sugar-coupled derivatives (nucleosides) for hypoxic
tumor imaging: metabolic trapping in hypoxic cells

2.2.1. Tumor oxygenation and changes in oxygen supply-demand
relationships: causes and detection of tissue hypoxia

All mammalian tissues need a continuous supply of oxygen to meet their
metabolic requirements. When oxygen supplies are diminished, systems are down-
regulated (which result in negative feedback) to maintain viability. For very short
periods (seconds), cellular demand for oxygen could exceed the oxygen supply, but an
oxygen “debt” occurs which must be repaid'*®. If this oxygen debt becomes un-
manageable, cellular integrity would be threatened. For this reason, normal tissues
have many mechanisms to ensure adequate supplies of oxygen. For example, in the
metabolic mechanism of blood flow regulation, a decrease in the oxygen supply-
demand ratio of a tissue releases one or more vasodilator metabolites (such as COa,
and/or nitric oxide) that dilate arterioles (the smallest branches of arteries with the
highest blood flow resistance) and thereby enhances the oxygen supply'®'.

Many diseases arise due to an impairment in this oxygen supply-demand
relationship. Although hypoxia can be secondary to low amounts of inspired oxygen or
other lung disorders, the most common cause (especially in tumors) is ischemia which
is due to the lack of blood. In tumors, for instance, the increased cell mass produced
during rapid cell proliferation requires additional oxygen supplies to keep the cells
alive. To meet this demand tumors often release several growth factors (and/or cause
surrounding normal tissue to release growth factors) that stimulate proliferation of
vascular endothelium and penetration of new blood vessels into the tumor (tumor

angiogenesis)'**. These growth factors include angiogenin, TGF-o, and vascular
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endothelial growth factor (VEGF). If this new vascular growth cannot keep pace with

tumor cell proliferation, which is usually the case, tumor growth can produce zones of
poorly perfused tissue with oxygen concentrations below physiological levels.
Therefore, the increased supply of oxygen from this new vascular growth may still not
be able to accommodate the increased demand for oxygen, inevitably causing a portion
of the tumor mass to become hypoxic. Measurement of perfusion would no longer
accurately characterize the entire tumor mass.

These hypoxic cells, although chronically lacking oxygen, are viable and are
about three times more resistant to the damaging effects of ionizing radiation than are
normally oxygenated cells'?. The susceptibility of well-oxygenated cells to ionizing
radiation is due to the ability of oxygen to “fix” radiation damage, a process known as
the oxygen effect'**. Molecular oxygen can act as a radical scavenger, reacting with
both aqueous electrons and hydrogen radicals formed from water radiolysis,
converting them to superoxide anions (O,"). Oxygen may also enhance radical
damage in DNA by “fixing™ target radicals in DNA. These target radicals in DNA,
which can be directly formed by ionization due to ionizing radiation or indirectly
produced by reactive and diffusible free radicals generated from radiolysis of water'*>,
are prime targets for oxygen. Reactions of oxygen with these target radicals in DNA
could make the radicals longer-lived, or make the repair of DNA more difficult. A
given dose of therapeutic radiation is thus more effective if delivered in the presence
of oxygen.

Hypoxic cells are therefore resistant to therapeutic radiation and could lead to

. . e
local recurrence of some human cancers following a course of radiotherapy'®. Tumor
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oxygenation status becomes an important predictor of tumor response to radiation and

a non-invasive method, which could quantify tumor hypoxia and predict for
radioresistance using modern available equipment, would greatly assist in the
development and assessment of treatment strategies and in the evaluation of the
progress of reoxygenation of hypoxic tissues.

A variety of tools and methods such as oxygen electrodes and flow cytometry

9 9
13127y have been explored to assess

techniques (which have been reviewed elsewhere
tissue hypoxia. Unfortunately, these methods are either invasive or impractical in the
clinical setting. The concept of a suitable SPECT radiotracer would be a very
attractive alternative to assess tumor oxygenation status indirectly and non-invasively.
The next question to explore is what classes of compounds could reflect tumor
oxygenation levels in vivo. Although oxygen-15, a PET radionuclide (t;,» = 123 s), can

3, its broad application is severely

be detected non-invasively in living tissues'’
restricted by its limited resolution of tumor volume and its extremely short half-life
which requires on-site cyclotron facilities for its production. Compounds which
behave differently in well-oxygenated (oxic) cells and in hypoxic cells could be
potential chemical markers for cell oxygenation status and thus for hypoxic cells
detection. Nitroimidazoles, especially N'-substituted derivatives of 2-nitroimidazole
(azomycin), are found to be such compounds.

The selective activity of 2-nitroimidazoles against hypoxic cells make them an
extremely interesting group of agents. 2-Nitroimidazoles have been investigated as

129.130

. o, - 9 . .
radiosensitizers of hypoxic cells'®®, as cytotoxins of hypoxic cells , as chemo-

sensitizers of hypoxic cells to a variety of anti-cancer agents'*’, and as markers of



40
tumor and tissue oxygenation status'’'. The common underlying mechanism is the

ability of 2-nitroimidazoles to preferentially undergo nitro-reduction to reactive
intermediates (hydroxylamine and nitroso) in an hypoxic environment. These
reductive intermediates are highly reactive and form covalent linkages with cellular
macromolecules within hypoxic cells. This important property of 2-nitroimidazoles
has been capitalized by Chapman er al. who showed that ["*C]misonidazole (M-
MISO) is bound selectively to metabolizing hypoxic cells in both single and
multicellular systems and might be marking for the first time at a histological level

32 . .
. These promising

those cells which are hypoxic and resistant to radiation'
experimental data could be extended into clinical applications by labeling an
appropriate hypoxic cell radiosensitizer with a suitable y-emitting radionuclide (e.g.
'3). The resulting hypoxic cell chemical marker could be used in nuclear medicine
for a SPECT assessment of the extent and location of hypoxia within tumors in cancer
patients. Such a non-invasive procedure would provide valuable information on the
role of tumor oxygenation at initial diagnosis, tumor oxygenation after therapy, and
tumor reoxygenation during treatment on tumor response and cure'?’.

2.2.2 Mechanisms of hypoxic tissue radiosensitization by nitroimidazoles

Nitroimidazoles undergo a preliminary, reversible intracellular reduction step

in all cells while in the absence of oxygen, they can be further reduced to more

reactive intermediates that bind to cellular components as shown in Scheme 4'3,
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Scheme 4. Mechanism of action of nitroimidazoles'*>.

M
E T = thymine
M .- (ox) DNA + T
ouTB| IN O: 0, DNA (-T)
R
A futile
N
E ﬁde\
ent .o .
RNO g=—==2 RNO, —*—» RNO; —H* » RNG,H--1%---> RNO —22—» RNHOH
efflux reduction protonation '
EZe
- \J
ecompositi
/.( RNH,
NO, ‘
H+ R

Nitroimidazole compounds typically enter cells by passive diffusion with the
ability to cross cell membranes primarily determined by lipophilicity of the
compounds. Obviously, to exert their radiosensitizing effect, nitroimidazoles must be
transported to the site of hypoxic cells and preferentially accumulated there. For
nitroimidazoles it is found that lipophilicity (as measured by the partition coefficient
P) plays a significant role in determining the relative nitroimidazole concentration in
tumors'**. However, the balance between lipophilicity and hydrophilicity is essential.
As clinical radiosensitizers, nitroimidazoles should possess high water solubility
because high doses are usually required to rapidly achieve peak drug concentrations in
hypoxic cells. Neurotoxicity to the brain can also be minimized by the BBB. As
hypoxic cell markers, their partition coefficients should be high enough to allow
passive diffusion to both well-perfused and poorly-perfused tissues. However, they

should also be relatively hydrophilic to facilitate renal and urinary excretion of the



42
radiolabeled marker. This delicate balance of lipophilicity and hydrophilicity is best

achieved if the octanol-water partition coefficient is in the range of 0.1-10'*, a range
that seems to apply to both radiosensitizers and diagnostic radiolabeled hypoxic cell
markers.

Once nitroimidazoles enter the cell, they undergo a one-electron reduction step
to the nitro radical anion, a reaction that is reversible in the presence of oxygen.
Molecular oxygen, with its one-electron reduction potential (E';, measured at pH 7) of
-155 mV, remains the best known biological electron acceptor. It will readily reverse
the initial reduction and reform the original nitroimidazoles with the concomitant
production of the superoxide anion (*O,"). This process is known as “futile cycling"135
and is dependent on both the intracellular oxygen levels and the one-electron reduction
potential (electron affinity) of the nitroimidazoles'*®. At lower oxygen levels
nitroimidazoles with higher (more positive) reduction potentials are more resistant to
futile cycling than those with lower (more negative) reduction potentials'*®. For
example, metronidazole, a S-nitroimidazole derivative (E'7 = -486 mV), undergoes
futile cycling at a lower oxygen concentration than that required for misonidazole, a 2-
nitroimidazole derivative (E'7 = -389 mV)'36. In general, the higher the reduction
potential of a compound, the better its ability to accept electrons from the cytochrome
system. This explains why 2-nitroimidzoles are much better than S-nitroimidazoles in
their radiosensitizing effectiveness in low oxygen environments.

In summary, the rate of oxidation (futile cycling) of nitroimidazole anion
radicals is dependent on the intracellular oxygen levels and thus the initial one-electron

reduction step is susceptible to oxygen. Further reductions occur in those tissues with
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low oxygen tension because reoxidation of the original nitroimidazoles is slowed,

permitting additional reductive reactions to take place. The formation of these
reductive products, which are highly reactive, bind with cellular macromolecules and
undergo selective metabolic trapping in hypoxic cells.

2.2.3. Nature of the reductive adducts

The exact nature and reactivity of these reductive adducts produced following
the intracellular uptake of nitroimidazoles remain elusive. Reduction of nitrohetero-
cyclic compounds in general, and nitroimidazoles in particular, proceeds stepwise and
involves the formation of three reduction species, the nitroso, hydroxylamine and
amine derivatives corresponding to two, four and six electron reductions,
respectively'”’.  One or more of these intermediates have been shown to bind with
various cellular constituents predominately in hypoxic cells, including DNA, RNA,

138.13% " Among these three reduction

protein and non-protein sulfhydryl compounds
species, the hydroxylamine appears to be the most likely candidate because it is
chemically more reactive than the amine. The nitroso derivative is very electron-
affinic and in most reducing situations it will be rapidly reduced to the
hydroxylamine'*’. The hydroxylamine derivative, as shown in Scheme 5, is capable of
undergoing the following chemical reactions.

Oxidation. Aqueous solutions of 2-hydroxylaminoimidazoles are oxidized in
air under neutral conditions to form the azoxy derivative as shown in Scheme 6. The

azoxy derivative is believed to be formed from the oxidation of the hydroxylamine to

the nitroso derivative followed by a condensation of nitroso with hydroxylamine. The
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concomitant formation of H»O; in the presence of oxygen may play a role in biological

damages since H,O, is an excellent source of hydroxyl radicals.

Scheme 5. Possible biologically important reactions of 2-hydroxylaminoimida-
zoles'",
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Scheme 6. Postulated pathway for the formation and subsequent reduction of
the bimolecular, azoxy, azo and hydrazo derivatives'*’,
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Scheme 7. Reactions of 2-hydroxylaminoimidazoles in aqueous solutions under
hypoxic conditions*"1¥014!,
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Reactions in aqueous solutions. Scheme 7 shows the postulated reactions for
2-hydroxylaminoimidazoles in aqueous solutions under hypoxic conditions. At low
pH the imidazole nitrogen is protonated (II) which prevents molecular rearrangement.
However, at neutral pH, the formation of a stabilized nitrenium ion (I, IV) allows
nucleophilic attack on the imidazole ring, resulting in the formation of a Bamberger
type rearrangement (V, VI) which on adding water yields the dihydroxy derivative
(VD' This dihydroxy derivative may in turn be fragmented into glyoxal (IX) and a

guanidine derivative (VIII). These reactions are highly pH dependent and at neutral
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pH the lifetime of the 2-hydroxylaminoimidazole may be minutes or less and may also

vary somewhat with the nature of N, substitution'*®!*!

Scheme 8. Reactions of 2-hydroxylaminoimidazoles with glutathione'*7"2!43,
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Reactions with GSH. Prolonged exposure of mammalian cells to 2-
nitroimidazoles under hypoxic conditions has been shown to reduce the intracellular

2143 . . . . ..
218 The reactions of glutathione with 2-nitroimidazoles are

level of glutathione
summarized in Scheme 8. Remarkable similarities to those reactions illustrated in
Scheme 7 are observed. Initially the GSH reacts with the hydroxylamine to produce
an unstable GS conjugate which in excess GSH undergoes further reactions to yield
two stable GS adducts (XIV, XV) and a saturated product (XIII). This saturated
product can undergo loss of GSH to produce one of the two stable amino products

containing a GS adduct on either the C4 or Cs position of the imidazole ring. The

initial hydroxylamine-GS adduct (XI) is a reactive species which on exposure to air
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under neutral conditions forms the azoxy derivative, and, on reacting with guanine,

forms the guanine-glyoxal adduct as depicted in Scheme 7.

Another important question is whether these reactions occur in biological
systems. The earliest indication that reduction of 2-nitroimidazoles occurred in
biological systems was the presence of the amine in homogenates of cells exposed to
MISO under hypoxic conditions'*. Further experiments demonstrated the existence
of the amino derivative in the urine of animals'** and in patients'?>-146 following
exposure to 2-nitroimidazoles. Because the amine is the final step of reduction, its
formation is often indicative of the formation of its precursor, the hydroxylamine.
Further evidence also showed that the hydroxylamine is likely to bind to nucleic acids,
proteins and DNA via the guanine-glyoxal adducts depicted in Scheme 7. These
observations suggested that 2-nitroimidazoles undergo bioreductive activation and the
major reactive product is likely to be the hydroxylamine. The hydroxylamine itself or
its reactive derivatives could explain many of the biological phenomena reported for
the 2-nitroimidzoles. However, the exact mechanisms by which some of these occur
has yet to be determined.

Recent studies have indicated that another reactive intermediate, the nitroso
derivative, is a potent chemosensitizer, enhancing melphalan (L-PAM) cytotoxicity at
micromolar concentrations under either aerobic or hypoxic conditions. In contrast, the
hydroxylamine and amine derivatives failed to modify cell kill by L-PAM even at
millimolar concentrations'*’. Glutathione and protein thiol depletion, followed by an

increase in intracellular calcium levels, were also observed'*8.
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These studies indicated that the nitroso compound seems to be responsible for

chemosensitization while the hydroxylamine derivative is for radiosensitization of
hypoxic cells. Obviously, nitro-reduction is not the only way that nitroimidazoles can
be metabolized in biological systems. Other metabolic pathways include ring
fragmentation, conjugation, nitro displacement, and dealkylation and hydroxylation
which are also known to contribute to hypoxic binding. These and other metabolic
pathways have been reviewed elsewhere'*.

2.2.4. Radioiodinated sugar-coupled 2-nitroimidazoles as hypoxic cell
markers

Over the last decade a large number of 2-nitroimidazole derivatives have been
synthesized, radiolabeled and evaluated in vitro and in vivo as potential chemical
markers in hypoxic cells. These derivatives have been extensively reviewed else-

S
whereH‘).l 0.

The following brief discussion will entirely focus on radioiodinated
sugar-coupled 2-nitroimidazoles.

Radioiodinated sugar-coupled 2-nitroimidazoles were developed collabora-
tively by the groups of Wiebe at the University of Alberta and Chapman at Fox Chase
Cancer Center, Philadelphia (formerly at the Cross Cancer Institute in Edmonton,
Alberta). These sugar derivatives or nucleosides are designed to provide a balance
between the lipophilicity of the iodine atom on the sugar and the hydrophilicity of the
sugar hydroxyl groups. As described in Section 2.2.2., a proper balance between
lipophilicity and hydrophilicity is crucial in the radiosensitizing effectiveness of a

compound. Furthermore, the introduction of an iodine atom conveniently provides a

site for radioiodination and subsequent SPECT imaging.
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The first iodinated sugar-coupled azomycin, iodoazomycin riboside (IAZR, 44)

was synthesized from azomycin riboside (AZR, AR, 45), a known radiosensitizer and
sugar-containing homolog of MISO, by Jette er al.'*''** in 1986. Although ['*I]JIAZR
(P = 2.1)"" showed promising radiosensitization of hypoxic cells in vitro, it was

2 Its rapid renal clearance and appreciable

radiochemically unstable in vivo
deiodination severely limit the use of ['**'3'[JIAZR as an in vivo marker of hypoxic

tissues in the animal models studied.
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In an attempt to minimize in vivo deiodination which is believed to occur
following enzymatic cleavage of the N'-glycosidic bond rather than by directly from
the intact ['*I)JIAZR'**, Mannan er al.' synthesized iodoazomycin arabinoside (IAZA,
1A) by altering the stereochemistry of the hydroxyl group at C,' of the sugar moiety.
Studies have shown that the arabinofuranosyl nucleosides are more stable than their
ribofuranosyl counterparts both in vitro and in vivo® and thus improved in vivo stability
of IAZA might be anticipated. Indeed, ['*IJIAZA is the first SPECT hypoxic cell
marker to proceed to clinical studies. Some of the clinical studies with ['ZIJIAZA

have already been mentioned in the Introduction section'>*>.

“Although [AZA (1A) has previously been reported as the B anomer, subsequent investigations revealed
that it is actually the o anomer.



50
['*I]IAZA has further been used to study the oxygenation status of both non-
Yg

treated and photodynamic therapy (PDT)-treated Dunning prostate tumors in rats'**.
Recently, its pharmacokinetics have been extensively studied®'>* and its potential in
detecting brain hypoxia has also been evaluated in the Gerbil Stroke model'*’. Its
relatively high lipophilicity (P = 4.98)' results in slower blood clearance and the
choice of 24 h post infusion as an optimal imaging time in the ['**[JIAZA patients. At
this imaging time, the hypoxic tissue-to-blood ratio would be at a maximum® of 5.6.
The high radioactivity in the thyroid and liver at short time periods after injection are
evidence that the tracer kinetic data consisted of the pharmacokinetics of ['**[JIAZA,
its radiolabeled metabolites and ['**[]iodide. Some of the probable metabolites were
studied and evaluated in this thesis. These observations implied that the stereo-
chemical change at C,' of IAZA seemed to marginally reduce in vivo deiodination. In
addition, the pharmacokinetics of ['**I]JIAZA was found to be very complicated.

A third member of this class is iodoazomycin galactoside (IAZG, 46) in which
the pentose sugar was replaced by the hexose D-galactose. Mannan et al.'**'% re-
ported a low tumor-to-blood ratio of 1.6 at 4 h for ['*[JIAZG (P = 0.57) with similar
in vivo deiodination as ['’I]IAZA. However, the Chapman group have recently
studied ['**I]TAZG and reported a tumor-to-blood ratio of 11.1 at 8-24 h'S". These
results confirmed the earlier reinvestigations in which the tumor-to-blood ratios for
['"IIAZG were actually much higher than previously reported (Mannan, unpublished
results). In this study, the Chapman group concluded that 46 has the lowest partition
coefficient (P = 0.63), the fastest plasma clearance rate, and the maximal tumor-to-

blood ratio. It thus showed superior hypoxia marking properties relative to IAZA.
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The next member of this iodoazomycin nucleoside series, iodoazomyein
pyranoside (IAZP, 47), is also very interesting. [AZP, which had been reported to be
the B anomer, was shown to have a very high tumor-to-blood ratio (13.9) in mice at 24
h post injection'®. The hexose sugar in [AZP was changed from D-galactopyranose to
a 6-deoxy pentopyranose sugar, L-xylopyranose. The iodine atom was also moved
from a primary carbon at Cs' to a secondary carbon closer to the sugar ring at C4’ in
order to reduce in vivo deiodination. Indeed, the high tumor-to-blood ratios and extent
of deiodination showed that ['*IJIAZP is superior to ['*[JIAZA in murine studies.

However, the Chapman group synthesized the o anomer of [AZP (IAZXP) (P
= 1.29)'”” and compared it with the reported [AZP (P = 0.89)'®. The 'H NMR
chemical shifts (CD;OD) and C,’-C,’ coupling constants were nearly identical for
IAZP and IAZXP: 86.15 and 9 Hz for IAZP, and 86.126 and 8.91 Hz for IAZXP.
Their melting points were also identical (175-176°C). Furthermore, biological data of
these two compounds were very similar. IAZP had a tumor-to-blood ratio of 13.9 (24
h post injection) while the value for IAZXP was 11.7 (8-24 h post injection). Based on
these observations, the Chapman group claimed that [AZP is identical in all respects to

IAZXP and concluded that IAZP is in fact the o anomer and not the reported B
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anomer. Further investigations on the original samples of IAZP are currently

underway (Kumar, personal communications).
The fifth member in this class is 1-(2-fluoro-4-iodo-2,4-dideoxy-B-L-xylo-

'3 in which the hydroxy!l group at C,' was

pyranosyl)-2-nitroimidazole (FIAZP, 48)
replaced with a fluorine atom. This isosteric approach changes the lipophilicity (P =
6.26) and the hydrogen bonding patterns of the sugar molecule. The tumor-to-blood
ratio for ['*IJFIAZP was found to be 6 at 24 h post injection. Compared to the
previous iodoazomycin nucleosides in this series, in vivo deiodination in ['ZSI]-Q_S_ was
found to be comparable to ['*IJIAZP. At 24 h, less than 6% of the whole-body
activity was found in the thyroid. This is not surprising because FIAZP, like IAZP,
consists of a stronger carbon-iodine bond on a secondary carbon as reflected in the
necessity for direct radioiodination of these two compounds.

These biological data suggested that ['*[JFIAZP appears to undergo hypoxia-
dependent binding in tumor tissues at level comparable to other iodinated sugar-
coupled 2-nitroimidazoles in this series. The high liver radioactivity up to 24 h could
limit its potential in imaging tumors near the liver, but it may still be a useful probe for
non-invasive assessment of hypoxia in other sites of the body. Another interesting
feature of FIAZP is that the magnitude of its C,'-C,’ coupling constant (8.6 Hz) in 'H
NMR was also quite similar to that of IAZP (9 Hz). Obviously, the substitution of a
fluorine atom at C,' might have an effect on the C,’-C,’ coupling constant. Indeed, an

original sample of FIAZP was reinvestigated and its anomeric configuration at C,’ was

determined to be a by X-ray crystallography (Kumar, unpublished results).



Four additional iodoazomycin nitroimidazoles were evaluated by the Chapman
group'”’. These are 1-(6-deoxy-6-iodo-B-D-glucopyranosyl)-2-nitroimidazole (a glu-
cose-coupled 2-nitroimidazole, 49), 1-(6-deoxy-6-iodo-B-D-glucopyranosyl)-4-nitro-
imidazole (a glucose-coupled 4-nitroimidazole, 50), 1-(4-deoxy-4-iodo-B-D-xylo-
pyranosyl)-2-nitroimidazole (a D-enantiomer of IAZXP, 51) and [-(4-deoxy-4-iodo--
L-lyxopyranosyl)-2-nitroimidazole (52). These compounds all had low partition
coefficients (P < 1.30) but had tumor-to-blood ratios of > 7. They were inferior in
respect to their lower water solubility, slow plasma clearance rates and lower tumor-

to-blood ratios when compared with the results of [l25 [NIAZG and [ l25I]IAZXP.

[EN= PR mp
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It should be noted that the chemical synthesis, radiolabeling and bio-
distribution studies of o-IAZA (1A) were reported by the Chapman group. In
particular, its 'H NMR data were included in the investigations described in section

4.5.



54
2.3. Chemistry and radioiodination of arabinofuranosyl sugars and nucleosides

2.3.1. Chemistry of glycosylation reactions with arabinofuranosyl sugars

The preparation of B-arabinofuranosyl nucleosides (C,’-C.’ cis nucleosides) has
traditionally been difficult. The benzoyl group (CsHsCO) is commonly used to protect
the three hydroxyl groups on the sugar moiety during glycosylation reactions.
However, the presence of this participating benzoyl group (or any other acyl groups) at
C, directs the reaction pathway to a C,’-C,’ trans nucleoside as defined by the trans

', With the benzoyl group at C, cis to a halogen (e.g.

rule of nucleoside synthesis
bromine) at C,, simple inversion would predominate; with a C,-C. trans halide,
participation of the benzoyl group at C, in the displacement of the halogen results in
either no net inversion or formation of an ortho ester derivative (83). Therefore,

whether the starting acylated arabinofuranosy! halide is a or B, the product will almost

always be exclusively o (C,'-C>’ trans) nucleoside.

Ph

BzO O\ (0]

A wide variety of special methods have been devised for the synthesis of C,'-
C.' cis arabinofuranosyl nucleosides. In general they fall into the following two
methods: inverting the configuration of C,' in a C,-C;’ trans nucleoside'®""'"° or using
an arabinofuranosyl halide in which the hydroxyl group at C; is masked with a group

which does not participate in the displacement of the halogen at C;'”"'". In the first
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method, the configuration of C,’-C,’ trans nucleosides could be inverted via the 2',3'-

anhydro epoxide'®' (54), the 8,2'-O-anhydronucleoside (for arabinofuranosylade-
nine)'6>163 (85), or through DMSO oxidation %> (86). This method provides a
convenient way to overcome the difficulties with the direct synthesis of a C,-C.’' cis

nucleoside.
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Undoubtedly, these difficulties are mainly due to the presence of a participating
protecting group at C, of the sugar molecule. A direct synthesis could be
accomplished if the identity of the protecting group at C, was changed. Indeed, the
second method uses almost exclusively 2,3,5-tri-O-benzyl-D-arabinofuranosyl
chloride (57) as the protected glycosyl halide. The absence of a reactive carbonyl on
the benzyl substituent makes this blocking group incapable of neighboring group
participation. The hydroxyl groups can be readily masked as benzyl ethers which can
easily be cleaved by catalytic hydrogenation. The chloride was also found to be
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markedly more stable than the corresponding bromide'’”’. These features of the

chloride make it a convenient tool for the synthesis of C,’-C.' cis arabinofuranosyl
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nucleosides. For example, 9-B-D-arabinofuranosylguanine (araG) has been synthe-

sized and isolated as the sole product in 33% yield using this method (Scheme 9)'"*.

Scheme 9. Chemical synthesis of a C,’-C;’ cis arabinofuranosy! nucleoside'’.

Bn 0
molecular sieves

BnO

H,N RT 5 days
OBn SI(C“_;):; OBn

57 Coupling product
3%

2.3.2. Methods to differentiate between o and B anomers of arabino-
furanosy! nucleosides

For carbohydrate derivatives (and nucleosides) the new center of chirality
generated by hemiacetal ring formation is called the anomeric center. The two stereo-
isomers are referred to as anomers, designated o or § according to the configurational
relationship between the anomeric center and a specified anomeric reference atom'”®
In the case of nucleosides, this anomeric reference atom is the same as the
configurational atom, the highest numbered chiral carbon atom that dictates whether a
given sugar belongs to the D or L series. In the ot anomer, the exocyclic oxygen atom
at the anomeric center is formally cis, in the Fischer projection, to the oxygen attached
to the anomeric reference atom; in the B anomer these oxygen atoms are formally

trans'™ (Figure 2).
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Figure 2. Determination of the anomeric configuration of sugar derivatives.
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This rule shows that for B-D-arabinofuranosyl nucleosides (C,'-C-’ cis nucleo-
sides) the nucleobase will always be in an “up” configuration and vice versa for the a
anomer. Since anomers are stereoisomers and thus have different physical, chemical
and even biological properties, it is important to distinguish them unambiguously. The
following selected methods of determining anomeric configurations are briefly
discussed.

2.3.2.1. NMR Spectroscopy
'"H NMR Spectroscopy

In general, '"H NMR spectroscopy can usually be used, but not always, for the
assignment of anomeric nucleosides. The chemical shifts and H;-H.' coupling
constants are the most important indicators. It has been reported that the anomeric
proton of the B anomer of arabinofuranosyl nucleosides always appeared downfield
from the anomeric proton of the corresponding o anomer'”®. This observation is

18 that the chemical shift of the

consistent with the reported trend in ribofuranosides
anomeric proton of a C,’-C,’ cis nucleoside appears at lower field (usually around 0.5

ppm) than the peak observed for the anomeric proton of the corresponding C;’-C,'
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trans nucleoside. This downfield shift probably results from the deshielding of the

anomeric proton by the vicinal cis hydrogen atom in a C,’-C-’ cis nucleoside'®'.

The spin-spin vicinal coupling constant between neighboring (vicinal) protons
over three bonds (*J H-c-c-n) varies with the dihedral angle ¢ as depicted in the Karplus
curve'®. It is known that in a five-membered ring the dihedral angle between vicinal
cis hydrogens and vicinal trans hydrogens can vary from 0-45° and 75-165° which can
produce coupling constants, using the Karplus equation in a range of about 3.5-8.0 Hz
and 0-8.0 Hz, respectively'®’. Therefore, an assignment of anomeric configuration can
be made only if the coupling constant is less than about 3.5 Hz, but preferably a
smaller °J value (less than about 1.0 Hz) is desirable. If a given arabinofuranosy!
nucleoside has a *J value of 5 Hz, for example, unambiguous assignment cannot be
obtained based on the above observations.

BC NMR Spectroscopy

'*C NMR spectroscopy can be used to complement 'H NMR because the
chemical shift difference between the anomers is usually larger (around 5 ppm) than
that in '"H NMR. For example, the C, atom of the o anomer of methyl D-
arabinofuranoside (trans) resonates at a lower field (109.3 ppm) than the
corresponding C;-C: cis 3 anomer (103.2 ppm)'*. The anomers are thus more clearly
identified in a '*C NMR spectrum.

I-D NOE difference spectroscopy

Questions of stereoisomerism are often investigated by NOE (nuclear

Overhauser effect). In general, irradiation of a proton results in enhancement of the

signal of the nucleus to which the proton is directly bonded. For example, it is
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standard practice in '*C NMR spectroscopy to use NOE to improve the sensitivity of

NMR measurements with the less sensitive '*C nucleus which has a low magnetogyric
ratio yand a natural abundance of only 1.108%. This NOE can also operate betwcen
non-bonded protons through space but only over a short distance and with a smaller
effect, which decreases as the inverse of the sixth power of the distance through space
between the nuclei'®. This spatial interaction has observable enhancement usually
less than 20%.

An NOE difference spectrum is obtained by subtracting an 'H spectrum from a
specific-proton-irradiated spectrum. The data are stored in two different blocks of the
computer memory and the Overhauser enhancement remains as the NOE difference
spectrum. This form of NOE spectroscopy is very sensitive and allows the detection
of very small intensity differences (as low as 3%), because the signals from
experiments with and without irradiation are recorded practically under identical
conditions'*. A measurable effect can be expected between protons over a spatial
distance of up to about 4 A (0.4 nm).

To apply this NMR technique to arabinofuranosyl nucleosides, Seela et
al."®"'® have studied a series of anomeric nucleosides and unambiguously assigned
the configuration in each pair of nucleosides. Figure 3 illustrates how NOE can be

used to differentiate the anomeric arabinofuranosyladenine (ara—A)'Ss.
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Figure 3. Differentiation of anomeric arabinofuranosyladenine by NOE'®,
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The anomeric configuration of arabinofuranosyl nucleosides can be
unambiguously assigned by irradiating H," and measuring the NOE enhancement
factors at H;' and Hy'. An NOE of the H,' signal indicates B configuration while an
NOE at H;' confirms a configuration.

2-D NOE Spectroscopy (NOESY)

It is possible to assemble all of the 'H-'H NOE enhancement effects in a
molecule into a single spectrum called NOESY. The 1-D 'H spectrum appears on the
diagonal and the nonbonding 'H-'H interactions with protons that are nearby in space
are found in the non-diagonal cross peaks. Essentially NOESY gives the same
information as 1-D NOE difference spectroscopy. The enhancement effects appear as
cross peaks in NOESY and their presence or absence can indicate protons of different
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spatial proximities. For example, in the ara-A example ™, one would expect to find

cross peaks at H,’-H,' and H/’-H,’, but not H,’-Hj’, for the B anomer.
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2.3.2.2. Chiroptical methods

Chiroptical properties are properties of chiral substances arising from their
nondestructive interaction with anisotropic radiation (polarized light), properties that
can differentiate between the two enantiomers of a chiral compoundm. These
chiroptical methods include polarimetry (optical activity), optical rotatory dispersion
(ORD), and circular dichroism (CD). Optical activity results from the refraction of
right and left circularly polarized light to different extents by chiral molecules. The
source of this rotation is unequal slowing of right and left circularly polarized light as
the light passes through a sample'®®. This method can also be applied to the detection
of anomeric sugars and nucleosides. For example, the specific rotation value, [ap™,
which denotes the specific rotation for light of the wavelength of the sodium D-line
(589 nm) at 25°C, was found to be +128.8° (¢ 0.3, H,O) for the a-anomer and -24.0° (¢

9, Although polari-

0.3, H,O) for the B anomer of an arabinofuranosyl nucleoside
metry provides results rather fast, the information is often not very precise nor is it
necessarily very accurate. The optical rotation is affected by numerous variables:
wavelength of light used, presence or absence of solvent, the nature of the solvent
used, concentration of the solution, temperature, and the presence of impurities.
Precise reproduction of published rotation values, from laboratory to laboratory, or
even from day to day in the same laboratory, is difficult to achieve'®®. Therefore,
polarimetry should only be used as a rough guide in the assignment of anomeric
nucleosides.

The other two chiroptical methods, ORD and CD, are thus increasing replacing

polarimetry in studying chiral compounds. ORD is the measurement of specific
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rotation as a function of wavelength. The absolute value of the rotation increases as

wavelength decreases (towards the ultraviolet region). ORD curves can be simple or
they can be complicated by the Cotton effect (showing both a maximum and a

minimum, and a point of inflection)'®’.

The sign of the ORD curve reflects the
configuration of the chromophore, or of the stereogenic centers (such as the anomeric
center in sugars and nucleosides) that perturb the chromophore, even in the presence of
other stereocenters. A positive Cotton effect occurs when the rotation first increases
as the wavelength decreases: conversely, a negative Cotton effect arises when the
rotation first decreases when going towards shorter wavelengths. ORD has been used
to study anomeric nucleosides and nucleotides'’®. The study found that configuration
at the anomeric carbon determines the sign of the Cotton effect and that at C»'
profoundly affects the amplitude of the ORD curve. a-D-Arabinofuranosyl
nucleosides were found to exhibit negative Cotton effects while B-D-arabinofuranosyl
nucleosides gave positive Cotton effects.

Circular dichroism (CD) spectra arise from the differential absorption of left
and right circularly polarized radiation by chiral molecules . CD is the measurement
of the ellipticity [6] (analogous to the measurement of [o] in ORD) as a function of
wavelength. The ellipticity measures the extent of elliptical polarization caused by the
absorption of the incident linearly polarized light by the sample. The signs of the CD
curve and that of the corresponding ORD curve in the region of an anomaly (Cotton
effect) are the same'®®. Both ORD and CD spectra gave similar information, although
CD spectra are less cluttered, bands are better separated, and easier to interpret.

Therefore, where a choice is possible, CD spectra are preferred over ORD.
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2.3.2.3. X-ray crystallography

X-ray diffraction is by far the most powerful technique for the structural
determination of crystalline compounds'®®. In this method, X-rays of appropriate
wave-lengths are allowed to impinge on a single crystal, 0.1-1 mm in length, of the
material to be investigated. The X-rays are scattered by the atoms (by their electrons
rather than by the nuclei) and the interference of the scattered radiation is displayed as
a diffraction pattern. The diffraction pattern is then mathematically analyzed to
provide the necessary structural data for the molecules. Although X-ray crystallo-
graphy requires single-crystal samples, it is a very attractive method for the
determination of the absolute configuration of a chiral compound. All the other
methods mentioned in this section measure only the relative configuration of chiral
compounds. In other words. they determine the configuration of one chiral center
relative to another, either in the same molecule or another'®®. For example, NMR
spectroscopy can differentiate between a C,’-C,’ cis or C,'-C,' trans nucleoside but it
cannot provide information on whether it is an o-D-ribo or B-D-arabino for C,'-C-’
cis, or B-D-ribo or o-D-arabino for C,-Ci' trans. Obviously, if the absolute
configuration of one chiral center in the molecule is known (e.g. arabino configuration
at Cy'), that of C;’ and the other chiral carbons follow. But without this prior
knowledge, only the relative configuration can be obtained. Therefore, the
attractiveness of X-ray crystallography lies in its ability to determine absolute

configuration of a molecule provided that its chemical structure is known.



2.3.2.4. Chemical reactions

The use of chemical reactions in structural elucidation has a long history,
although its importance has been replaced by recent advances in spectroscopy,
especially NMR spectroscopy. Nevertheless, chemical reactions can sometimes be

1."" showed that a

used to complement spectroscopic data. For example, Prisbe et a
cyclonucleoside of the  anomer of the ribofuranosyl 2-aminoimidazole nucleoside
was formed upon heating (100°C) in an inert solvent (e.g. DMF) while there was no

similar reaction for the o. anomer (Scheme 10).

Scheme 10. Differentiation of anomeric nucleosides by evidence of cyclo-
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2.3.3. Chemistry of radioiodination of arabinofuranosyl nucleosides

2.3.3.1. Exchange labeling methods

Radioiodine can be introduced into organic compounds by numerous methods
depending on the structure of the compound to be radioiodinated. If high specific
activity is not essential, exchange labeling reactions by nucleophilic radioiodination
represent a viable method. Advantages of the method include ease of radioiodination,
characterization, and handling of the cold, stable iodinated compound. No
complicated separation techniques are usually necessary because the cold iodinated
compound and the radioiodinated product are chemically identical.

Isotope exchange of aliphatic iodides can be conducted in a refluxing solvent
such as acetone, methyl ethyl ketone (MEK), water or dimethylformamide (DMF)'**.
Alternatively, radioiodination can be carried out at elevated temperatures in a “melt”
fashion. The molten reaction medium must possess a sufficiently high dielectric

193 Examples of such media

constant to solubilize both the substrate and radioiodide
include benzoic acid'™, acetamide'®® and ammonium sulfate'’®. Ammonium sulfate
seems to be particularly useful in solid-phase exchange radioiodination between no-
carrier-added radioiodide and unactivated aryl iodides'’®. However, these methods
generally afforded low yields of radioiodinated products.

Isotope exchange reactions essentially occur via SN2 nucleophilic substitution
and are affected by the acidity of the reaction medium. To improve the labeling
efficiency, a homolog of acetic acid, trimethylacetic acid (pivalic acid)'®?, has been

chosen because it possesses sufficient acidity, appropriate melting (33°C) and boiling

(164°C) points, and relative chemical inertness due to steric hindrance by the methyl
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groups. Indeed, pivalic acid has been successfully employed in the radioiodination of

a wide variety of organic compounds with good to excellent radiochemical yields (55-
99%). This method is also suitable for radioiodination with '**I because of short
labeling times. In fact ['PIJIAZA has been radioiodinated using the pivalic acid
“melt” method with a radiochemical yield of 92.6%>. An efficient, high specific
activity radioiodination of a 2'-deoxyuridine nucleoside in pivalic acid “melt” has also
been reported'®’.

2.3.3.2. Direct synthesis with radioiodide

Radioiodine can also be directly incorporated into non-iodinated organic
molecules by electrophilic radioiodination, especially in aromatic compounds. The
most common mechanism is iododestannylation which gives aromatic radioiodinated
tracers rapidly in high yields and specific activities from trialkylarylstannanes. A
typical radioiodination reaction normally requires the presence of a suitable oxidizing
agent, such as lodogen, chloramine-T, or peracetic acid. The pH of the reaction
medium is extremely important in the radiochemical yields of the radioiodination.
Respectable radiochemical yields are generally obtained at pH up to 5.8; at pH 7.0 no
desired radioiodinated product is obtained'?®. Glacial acetic acid or phosphoric acid is
used to provide this acidic reaction medium. For example, a radiochemical yield of
about 60% has been obtained with the radiosynthesis of B-CIT (at pH 2.9 in peracetic
acid), a dopamine transporter imaging agent'®s.

Direct radioiodination is sometimes necessary to incorporate radioiodine into
aliphatic non-primary carbon atoms. Exchange labeling works best with primary

carbon atoms because the carbon-iodine bond in a primary carbon is relatively weak.
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In a secondary carbon, however, the increased steric hindrance and the stronger

carbon-iodine bond make exchange labeling, which is essential an Sy2 reaction, more
difficult. An excellent example to illustrate this point is the direct radioiodination of
FIAZP (48)"°. ['*IIFIAZP was prepared by direct radioiodination with Na'*I in
pyridine and triphenylphosphine after previous treatment with lodogen. The diffi-
culties with direct radioiodination are reflected by longer reaction times (16 h)
compared to exchange labeling (1-3 h) and lower radiochemical yields (15%). Similar
radioiodination results have been obtained with ['*I]JIAZP (47), although exchange
labeling with '*I was successful in preparing ['*IJIAZP in high specific activity (50
GBg/mmol)'*®. The radiochemical yield of this exchange labeling on a secondary
carbon atom was not reported.

Armed with these versatile radioiodination methods, radiopharmaceutical
chemists can now radiolabel desired compounds with '*’I or '*'I for SPECT imaging
studies. As previously described, '*' is an important player in SPECT imaging today.

Whether or not '**

[ will continue to play this important role in nuclear medicine
remains an open question. Undoubtedly, it has more clinical applications than PET
radionuclides such as '*F, yet it is not as popular as the rather inexpensive *™Tc.
These and other related issues are briefly discussed in the next section.
2.4. New and current developments in medical diagnostic imaging

2.4.1. Role of '*I and some potential newcomers in SPECT

In the United States more than 80% of all diagnostic procedures are carried out

using techetium-99m. In the last three decades, the number of diagnostic procedures

has increased almost fourfold from 7.9 to 28.3 per 1,000 population'®®. This
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unprecedented popularity with technetium-99m is due largely to its ideal decay

properties, ease of production by a generator, and relatively low cost factors which
have been described in Section 2.1.3. lodine-123, on the other hand, is especially
important in Canada and Europe because of available domestic sources (e.g. Nordion
International in Canada). The lack of a domestic supplier of iodine-123 and its high
cost in the United States limits its share in the diagnostic nuclear medicine market, and
only 9% of all diagnostic procedures are performed using iodine-123'"°. lodine-123
has a longer half-life than the physiological PET radionuclides and hence can be
conveniently transported. Unfortunately, due to required cyclotron production, the
high cost of iodine-123 remains a considerable barrier to widespread commercial use.
Besides iodine-123, some potential SPECT newcomers have been identified
that could occupy an important position in the future practice of nuclear medicine.
These include ruthenium-97, indium-111, thallium-201, and lead-203"*°. Two of these
radio-nuclides, indium-111 and thallium-201, are already commercially available.
Furthermore, they all have half-lives between 2-3 days and gamma ray energies
suitable for imaging studies with conventional gamma camera systems, although lead-
203 has a higher gamma ray energy (279 keV). Despite these potential newcomers,
technetium-99m will continue to enjoy its popularity in diagnostic imaging. Whether
any of them would become another technetium-99m success story does not seem too

likely in the foreseeable future, although it is not impossible'”.
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2.4.2. Instrumentation for PET and SPECT and dual PET-SPECT
cameras

PET instrumentation

Traditionally PET provides the best resolution for functional and metabolic
imaging. The two 511-keV annihilation photons simultaneously emitted 180° apart
following positron-electron annihilation form the basis of PET. It has been found that
these two annihilation photons offer substantial advantages over single gamma ray
photons for in vivo nuclear medicine imaging. These advantages include very accurate
compensation for the attenuation of the radiation in tissues, resulting in the production
of quantitative images measuring the local concentration of a radiotracer. Attenuation
refers to the process of absorption or scattering of gamma rays during which the
observed count rates are reduced and images distorted™.

A typical modern PET camera operates as follows. The two 511-keV photons,
which are emitted in opposite directions after annihilation of a positron and an
electron, are detected by two detectors in coincidence; data collected over many angles
around the patient’s body are used to reconstruct the image of activity distribution in
the area of interest. With PET scanners continually increasing in complexity, a
modern PET camera typically consists of several rings with as many as 512 detectors
per ring around the patient. Each detector is connected to the opposite detector by a
coincidence circuit. Hence all coincidence counts from different slices over 360°
angles around the patient are acquired simultaneously. The most common detector
material used in PET scanners is bismuth germanate (BGO) because of its high density

(7.13 g/cm?) and an effective atomic number of 75, leading to very high detection
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efficiencies for 511-keV photons and short radiation lengths in the detector™' . Current

technological features of PET include the use of radio-pharmaceuticals which closely
mimic endogenous compounds, its ability to accurately measure the actual three-
dimensional radiotracer distribution, its ability to rapidly acquire a dynamic set of
tomographic images through a volume of tissue, and the capability to acquire

202

tomographic whole body images It is the combination of these four features that
enables PET to model and quantitate in vivo biochemical or physiological processes.
SPECT instrumentation

The most common SPECT systems are comprised of a typical gamma camera
with one to three Nal (TI) detector heads mounted on a gantry, an on-line computer for
acquisition and processing of data and a display system. Computerized reconstruction
of data follows the accumulation of a series of images taken as the gamma camera
moves around the patient at small angle increments for 180° or 360° angular sampling.
Three-head SPECT systems are presently the most sophisticated instruments for
SPECT, having high resolution (6-9 mm), reliable performance and low costs™.
Recent computer advances have provided SPECT images with comparable resolution
to PET, making any differences relatively inconsequential in clinical applications.
Dual-isotope imaging (e.g. with *™Tc and '**I) has been demonstrated with SPECT
and this imaging opportunity is not possible with PET. Therefore, SPECT imaging
can no longer be viewed as “a poor man’s PET” but as a mature technology of

independent merit™®.
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Dual-camera technology

One solution to the high costs of PET is the development of the so-called
Hybrid Emission Advanced Dynamic Tomograph (HEADTOME) in the early 1980s
which includes PET and SPECT in one system®”. The HEADTOME was redesigned
as the multi-ring version HEADTOME II’®*, HEADTOME III’®, and HEADTOME
v although the latter two have been redesigned as high-performance PET systems.
In HEADTOME the detector array consists of 64 Nal crystals in a 42 cm diameter
circle. Two collimator sets can slide axially on the inner face of the crystal ring to
change from SPECT to PET imaging™. The SPECT collimator consists of 64 units
each containing a main tungsten fin and five sub-fins which are synchronously driven
by a large wheel gear to swing back and forth up to 30° in each direction. Therefore,
all collimated rays can simultaneously sweep across the field of view. In the PET
collimator, photons that contribute to image noise are eliminated. It contains a slice
mask which rejects photons originating outside the slice plane and is made up of two
doughnut shaped lead plates of | cm thickness. The space between the two plates can
be selected at 12, 20, and 28 mm. A scatter mask is also included which is made of a
0.5 mm thick lead belt covering the Nal crystal face to reduce low energy scattered
photons and improve spatial resolution®®. This hybrid camera has been successfully
used to study the BBB using **™TcO; or %Ga-EDTA.

Recently the technology for FDG-SPECT has been developed using a relatively

28 This technology is based on previous documentation

inexpensive gamma camera
that multi-headed camera systems with a conventional high-energy collimator or a

511-keV collimator can be used to image FDG myocardial uptake®®. Preliminary
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studies showed that relative to the sensitivity for technetium, a 9% sensitivity has been

reported for 511-keV photon capture with FDG SPECT. Despite this shortcoming,
FDG SPECT images are interpretable and adequate for cardiac or oncological
diagnosis. Although it is far inferior to PET, FDG SPECT equipped with the 511-keV
collimator gives adequate images from which equivalent information about myocardial
viability can be obtained.

2.4.3. Present and Future Trends

Obviously, medical diagnostic imaging is not limited to PET and SPECT.
Computed tomography (CT), functional magnetic resonance imaging (fMRI), and
ultrasound are routinely used for imaging. With costs likely to remain the determining
factor in today’s health care industry, alternative imaging technologies are continuing
to be developed to replace the expensive costs of PET. Although in its infancy, optical

10-213

imaging using light has been studied” . The idea of using a light bulb is indeed

exceedingly attractive: light bulbs are small, they don’t emit X-rays and they are low
power™'!. The major obstacle, of course, is that very little light will go through the
body because more than 99.9999% of the light will be absorbed by molecules or
scatter off cells and cell organelles. To truly cut imaging costs, one vision has been
described:

“If someone comes into an office and says ‘I have this lesion,’ you stick a light
probe onto it and image the lesion. And the computer, using the absorption and
scattering characteristics, can tell you whether this is normal or a cancer. That’s more

. > 2
than just a pipe dream.”*"!

But until such visions could be achieved, SPECT imaging remains a feasible

alternative for medical diagnostic imaging.
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3. Experimental

3.1. Materials

3.1.1. Chemicals, Sclvents, Gases, and Equipment

Melting points were determined on a Hoover capillary apparatus and are
uncorrected. All chemicals were reagent grade unless otherwise specified. Where
dry solvents were required these were dried by standard methods. Gases were
purchased from LINDE Union Carbide, Canada and were of research grade purity.
Thin layer chromatography (TLC) was carried out on silica gel MK6F 60 Fass (2.5 x
7.6 cm) microplates (Whatman) and plastic-backed Silica Gel 60 Fasy (20 x 20 cm)
pre-coated plates (Merck) for radiochemical yield and purity determinations.
Preparative TLC was carried out on silica gel PKSF 150 Fasy (1000 pm layer
thickness, 20 x 20 cm) plates. Silica gel MN-Kieselgel 60 (70-230 mesh) was
purchased from Rose Scientific, Edmonton, Alberta, Canada. Fractions from column
chromatography were collected a Gilson® FC205 Fraction Collector (Mandel
Scientific). Reverse-phase chromatography was carried out on C,3 reverse phase

Sep-Pak® cartridges (Waters). A Brnchi rotavapor (model R-114) and a B-169
vacuum system were employed for vacuum drying. Radiochemical syntheses were
generally carried out in Pierce Reacti-Vials" sealed with teflon-rubber septa or
capped with Mininert® valves, with heating by a Baxter Multi-blok Module heater.
Eppendorf micropipettes and Hamilton MICRO-LITER syringes were used for
measuring micro quantities of solvents. Beckman Poly-Q™-Vials (6 & 18 mL) were

used for counting radioactivity on TLC plates and in biological samples.
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In the work performed in the Faculty of Pharmaceutical Sciences at the

Health Sciences University of Hokkaido (HSUH) in Ishikari-Tobetsu, Hokkaido,
Japan, gases were purchased from Daido-Hokusan, Japan. Thin layer (silica gel and
aluminum oxide) chromatography was conducted on silica gel 60 Fasy pre-coated
(Merck) and on aluminum oxide 60 F,s, neutral (Type E, Merck) plates (20 x 20 cm),
respectively. Preparative TLC was conducted on silica gel 60 Fas, pre-coated plates
(20 x 20 cm) for preparative layer chromatography (Merck).

3.1.2. Instruments

Animal tissue samples and TLC plates for radiochemical yield and purity
determinations were counted in a Beckman Gamma 8000 gamma scintillation
counter or Minaxi y Auto-Gamma® 5000 Series Gamma counter. 'H and 'C NMR
spectra were measured with a Bruker AM 300 MHz spectrometer, and chemical
shifts are given on the & (ppm) scale with tetramethylsilane (TMS) as an internal
standard. 'H NMR spectra of IAZA (1A, Batch #4) were measured with a Varian
Unity 500 (500 MHz) spectrometer, and its 'H-'H COSY and ROESY spectra with a
Varian Infinity 600 (600 MHz) spectrometer in the Department of Chemistry,
University of Alberta, Edmonton, Alberta, Canada (Kumar, unpublished results).
Elemental analyses (for compounds 3 and 4) were performed on an EA1108-
Elemental Analyzer (Carlo Erba Instruments) at the MicroAnalytical Service
Laboratory in the Department of Chemistry. Low resolution positive ion fast atom
bombardment (POSFAB) mass spectra (for compounds 3 and 4) were recorded on an
AEI-Kratos MS-9 spectrometer (matrix: Cleland (dithiothreitol/dithioerythritol =

6:1)) while low and high resolution positive mode electrcspray ionization (ESI) mass
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spectra (for compound 5) were recorded on a Micromass ZabSpec Hybrid Sector-

TOF at the Mass Spectrometry Laboratory in the Department of Chemistry. X-ray
crystallography data on [AZA (1A) were obtained on a Siemens P4/RA
diffractometer with graphite-monochromated Mo K, radiation (A= 0.71073 A) at the
Structure Determination Laboratory in the Department of Chemistry.

At HSUH, Japan, NOE correlation studies, 'H and *C NMR, 'H-'H COSY,
'H-'>C COSY and 'H-'H NOESY spectra were measured with JEOL JNM-EX400
(400 MHz) and JEOL JNM-LA300 (300 MHz) spectrometers. Low and high
resolution mass spectra were recorded on JEOL JMS-HX110 spectrometer for
POSFAB MS (matrix: glycerol or 3-nitrobenzyl alcohol), and on a JEOL JMS-
DX303 spectrometer for electron impact (EI) MS at Hokkaido University, Sapporo,
Hokkaido, Japan. X-ray crystallography data on AZA (7) were determined on an
MXCI18K diffractometer with graphite-monochromated Cu K, radiation (A=1.5418
A) by MAC Science in Nagoya, Japan. High pressure liquid chromatography (HPLC)
was used to purify selected glycosylation products. Silica gel HPLC was conducted
on a Shim-pac PRC-Sil (H) column (25 cm x 20 mm i.d. for preparative scale)
(Shimadzu) and on a Shim-pac HRC-SIL column (25 cm x 4 mm i.d. for analytical
scale), using a Shimadzu LC-6A apparatus with monitoring at 254 nm. Reverse-
phase HPLC was performed at the Isotope Research Center at HSUH on a Shim-pac
STR-ODS II (25 cm x 4 mm i.d. for analytical scale) column and a Shim-pac PREP-
ODS (25 cm x 20 mm i.d. for preparative scale) eluting with aqueous methanol,
using the same Shimadzu apparatus. Molecular orbital (MO) calculations were

performed by the PM3 method with CAChe MOPAC version 94 (Release 3.7,
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CAChe Scientific) running on a personal computer, Power Macintosh 8100/100AV

(Apple Computer).

3.1.3. Radioisotopes

Radioiodine was the radionuclide used in animal studies. Iodine-125 was
purchased from Amersham as no-carrier-added solutions of Nal in 0.1 N NaOH.

3.1.4. Animals

Black female B6D2F1/J] mice (['*I]-3) weighing 20-25 grams were
purchased from Jackson Laboratories in Bar Harbor, Maine, USA. White female
Balb/c mice (['*’I] 4 and ['2SI]-§) weighing 20-25 grams were purchased from Health
Sciences Laboratory Animal Services (HSLAS), University of Alberta. All animals
were maintained ad lib with rodent food pellets and tap water in standard plastic
cages (5 mice per cage).

3.1.5. Tumor cell line

EMT-6 tumor cells were used for in vivo biodistribution studies on ['ISI]-Q.
Tumor cells were generous gifts from Ms. Haiyan Xia in Dr. Leonard I. Wiebe's
research group in the Faculty of Pharmacy and Pharmaceutical Sciences, University
of Alberta. EMT-6 cell suspensions contained approximately 107 viable cells per mL

of normal saline.
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3.2. Methods

3.2.1. Chemical synthesis of methyl 5-deoxy-5-iodo-D-arabinofuranoside

€))

3.2.1.1. Chemical cleavage from IAZA (1A)
(1-(2,3-Di-O-acetyl-5-deoxy-5-iodo-co-D-arabinofuranosyl)-2-nitroimidazole (1B)

[AZA (1A) (208 mg, 0.59 mmol) was dissolved in dry pyridine (3 mL) and
acetic anhydride (4 mL) and the resulting mixture was stirred at 25°C for 15 h. Ice (1
mL) was added to destroy any excess acetic anhydride and the solution was
concentrated to dryness. The residue was chromatographed on a column containing
silica gel using an elution gradient of toluene-ethyl acetate (19:1, 9:1, 85:15 and 4:1
(v/v) successively) to give 236 mg (91%) of 1B as a crystalline solid with a mp of
126-128°C. 'H NMR (CDCl3): § 7.39 (1 H, d, J = 0.9 Hz, Cs-H), 7.21 (1 H,d, J =
0.9 Hz, C4-H), 6.68 (1 H, d, Ji.> = 1.1 Hz, C\-H), 5.46 (1 H, br s, C-’-H), 5.20 (1 H,
dd, J3.» = 1.8 Hz, J34 = 2.0 Hz, C3'-H), 4.67 (1 H, dt, J;.3- = 2.0 Hz, J;.s = 6.8 Hz,
Cs-H), 348 & 343 (2 H, dd, Js.s = 10.7 Hz, Js+ = 6.8 Hz, 2 x Cs'-H), 2.21 (3H, s,
C,-OCOCH3), 2.02 (3 H, s, Cy'-OCOCH3). "*C NMR (CDCly): & 173.2 (C-
OCOCH; & C3'-OCOCH3), 148.6 (Ca), 142.2 (Cy), 139.2 (Cs), 85.2 (C,"), 83.0 (Ca)),
73.8 (C3'), 68.3 (Cy'), 18.2 (Cs').
Methyl 5-deoxy-5-iodo-D-arabinofuranoside (3)

A solution of (1B) (100 mg, 0.23 mmol) was dissolved in dry dichloromethane
(5 mL) and cooled to 0°C. Stannic chloride (SnCly) in dichloromethane solution (1
mL, I mmol) was added to the cooled solution and the resulting mixture was stirred for

5 minutes before methanol (2 mL) was added. The reaction was complete in 30



78
minutes as indicated by TLC. After evaporation, the residue was deacetylated by the

addition of methanolic ammonia (5 mL) and kept at 0°C for 15 h. The solution was
subsequently concentrated to dryness and the residue was applied to a silica gel column
using toluene-ethyl acetate (9:1 (v/v)) to give 3 as a syrup (57 mg, 82% yield from 1A).
The o-B ratio in 3 was approximately 1:1. 'H NMR (CDCl;): $4.96 (1H,d, J g0 = 1.7
Hz, Cio-H), 4.86 (IH, d, Jijg2 = 5.0 Hz, Cg-H), 4.17 (1H, br s, Cse-H), 4.11 (2H, m,
Csqep-H), 4.04 (1H, m, C33-H), 3.92-4.00 (2H, m, Cyqp-H), 3.48 (3H, s, OCH;-B), 3.42
(3H, s, OCH;-a), 3.30-3.40 (4H, m, Csap-H, Csqp-H). C NMR (CDCl3): §109.0
(Cia), 102.0 (Cyp), 85.1 (Cyq and Caq), 81.6 (Cyp and Cap), 80.9 (Csq), 78.6 (Csp), 55.6
(OCHj3-B), 55.1 (OCH;-a), 7.9 (Csp), 6.5 (Csq). POSFAB MS mv/z (%): 275(IM+H]",
3), 243(79), 225(44). Anal. Calcd. for CeH 104 C, 26.28; H, 4.01; I, 46.35. Found:
C,26.43; H,4.13; 1, 46.06.

For comparison, 3a was obtained. '"H NMR (CDCl3)(3a): & 497 (1H, s, C,-H), 4.17
(IH, br's, C>-H), 4.11 (1H, m, C3-H), 3.92 (IH, br s, C4-H), 3.42 (3H, s, OCHj3), 3.39
(2H, m, Cs-H and Cs-H). ’C NMR (CDCls): §109.0 (C), 85.2 (C, and C»), 80.9 (C3),
55.1 (OCH;-a), 6.5 (Cs).

'H NMR (CD;0D) (3a): § 4.76 (1H, d, J,» = 1.7 Hz, C;-H), 3.98 (1H, dd, Jay= 1.7
Hz, Jo3= 3.8 Hz, C:-H), 3.79 (1H, dd, J34=6.2 Hz, C3-H), 3.74 (1 H, m, J;5 = 2.6 Hz,
Cs-H), 3.45 (1H, dd, Js s = 10.6 Hz, Cs-H), 3.36 (3H, s, OCH;-a), 3.29 (1H, m, Cs-H).
*C NMR (CD;0D): 8110.6 (C)), 83.9 (Cs), 83.7 (C2). 82.2 (C3), 554 (OCHs), 6.5

(Cs).
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3.2.1.2. Chemical synthesis from D-(-)-arabinose (61)

Methyl D-arabinofuranoside (62)

The synthesis of 62 was performed according to published procedures'®’- 14215
starting from D-(-)-arabinose 61 (7.0 g, 0.047 mol) in saturated methanolic hydrogen
chloride (44 mL) and methanol (140 mL). The reaction was stirred at 25°C for 12 h
after which the solution no longer reduced Fehling’s solution (absence of reducing
sugars). Successive neutralizations with pyridine and subsequent evaporation gave 62
as a light yellow syrup in essentially quantitative yields and was used without further
characterizations.

Methyl 5-deoxy-5-iodo-D-arabinofuranoside (3)

To a solution of the anomeric 62 (0.9 g, 5.49 mmol) in dry pyridine (25 mL)
was added triphenylphosphine (2.88 g, 10.98 mmol) and iodine (1.40 g, 5.49 mmol)
and the resulting solution was heated at 50°C for 1 h. The reaction was quenched with
methanol (2 mL) after which the mixture was taken to dryness under vacuum. The
residue was chromatographed on a silica gel column. Triphenylphosphine oxide was
washed from the column with chloroform, and 3 was subsequently eluted with
chloroform-methanol (9:1 (v/v)) to give 1.0 g (67%) of syrup after evaporation of the

solvent. It was found to be identical to that prepared in section 3.2.1.1. by TLC and

NMR.
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3.2.2. Methyl 2,3-di-O-acetyl-5-deoxy-5-iodo-a-D-arabinofuranoside (6)

Methyl a-D-arabinofuranoside (62 )

The anomeric 62 (5.0 g, 0.030 mol) was chromatographed on a column
containing silica gel (35 mm x 440 mm) using dichloromethane-methanol (19:1 (v/v)).
A UV active component was washed from the column and 62a was subsequently
eluted using the same solvent system to give 1.1 g (22% from 62, 15% from 61) as a
syrup. No crystallization of 62a was attempted. Literature mp 65-67°C*'°. 'H NMR
(CD3;0OD): 84.74 (1H, d, J;»= 1.4 Hz, C,-H), 3.98 (IH, dd, Jo; = 1.4 Hz, J,3= 3.5 Hz,
C»>-H), 3.89 (1H, dd, J,3= 5.9 Hz, J,5 = 3.3 Hz, C;-H), 3.82 (1 H, dd, J34 =5.9 Hz, J3>
= 3.5 Hz, C3-H), 3.73 (1H, dd, Js s = 11.9 Hz, Js 4 = 3.3 Hz, Cs-H), 3.62 (1H, dd, Js s =
11.9 Hz, Js 4 = 5.4 Hz), 3.36 (3H, s, OCH;). '*C NMR (CD;OD): 8110.6 (C,), 85.6
(Cs), 83.4 (C,), 78.8 (C3), 63.1 (Cs), 55.2 (OCH3). These NMR data were found to be
in agreement with those reported in literature®'’',

Methyl 2,3-di-O-acetyl-5-deoxy-5-iodo-a-D-arabinofuranoside (6)

To a solution of 62a (0.9 g, 5.49 mmol) in dry pyridine (25 mL) was added
triphenylphosphine (2.88 g, 10.98 mmol) and iodine (1.40 g, 5.49 mmol) and the
resulting solution was stirred at S0°C for 1 h after which the solution was concentrated
to dryness. The residue 3a was purified by column chromatography as described for 3
in section 3.2.1. The anomerically pure 3o was used for NMR studies (section
3.2.1.1).

To a solution of 3a (0.8 g, 2.92 mmol) in dry pyridine (20 mL) was added

acetic anhydride (10 mL) and the resulting solution was kept at 25°C for 15 h. Ice (2
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mL) was subsequently added to destroy any excess reagent. The solution was

concentrated to dryness and the residue was chomatographed on a column containing
silica gel using hexane-ethyl acetate (4:1 (v/v)) to give 6 as a syrup (0.72 g, 69%). An
anomeric mixture of 6 has been prepared but no NMR data were reported*'”. 'H NMR
(CDCl3): 85.09 (1H, d, J;» = 1.5 Hz, C,-H), 4.95 (1H, br s, C2-H), 4.89 (1H, d, J3, =
1.4 Hz, J34 = 5.4 Hz, C3-H), 4.06 (1H, dd, J;3 = 4.0 Hz, J;5 = 6 Hz, C4-H), 3.52 (IH,
dd, Jss= 10.8 Hz, Js ;= 4.8 Hz, Cs-H), 3.43 (1H, dd, Jss= 10.8 Hz, Js ;= 6 Hz, C5'-H),
3.41 (3H, s, OCHj), 2.11 (6H, s, COOCH3). '*C NMR (CDCls): §170.2 & 169.7 (2 x
C=0), 106.6 (Cy), 81.9 (C,), 81.3 (C>), 80.3 (C;3), 54.9 (OCH3), 20.7 (2 x OAc), 5.0
(Cs). POSFAB MS m/z (%): 359([M+H]", 16), 327(100), 267(46). Anal. Calcd. for
CioHisIOe: C, 33.52; H, 4.19; I, 35.47. Found: C, 33.72; H, 4.01; I, 35.74.

3.2.3. General procedure for the cleavage reactions 3-6 (section 4.1.1.)
and the preparation of 59

To a solution of 1B (46.4 - 236.4 mg, 0.107 mmol - 0.545 mmol) in glacial
acetic acid (0.16 mL - 1 mL) was added acetic anhydride (0.04 mL - 0.25 mL) and the
resulting solution was allowed to stir for 9 h - 3 days at 100°C. Ice (I - 2 mL) was
subsequently added to the solution to destroy any excess acetic anhydride. The solution
was concentrated to dryness and the residue was chromatographed on a column
containing silica gel using hexane-ethyl acetate (4:1 (v/v)) to give 59 as an oily residue
(12 - 152 mg, 30-70%). The o anomer predominated its p counterpart by about 8:1. 'H
NMR (CD;OD): & 6.37 (IH, d, Jig.» = 5.0 Hz, Cyg-H), 6.15 (1H, s, Cio-H), 5.25-5.35
(2H, m, Cy-H & Cyp-H), 5.16 (1H, d, J23 = 1.4 Hz, C3¢-H), 4.98 (1H, dd, J3 4 = 5.0 Hz,

J32 = 1.4 Hz, C34-H), 4.18 (1H, dd, Js3 = 5.0 Hz, J, 5 = 5.1 Hz, Cy4o-H), 4.10-4.15 (IH,
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m, Cys-H), 3.52 (I1H, dd, Js s = 10.9 Hz, Js; = 5.1 Hz, Cso-H), 3.42 (1H, dd, Jss=109

Hz, Js4 = 4.7 Hz, Cso-H), 3.30-3.50 (2H, m, Csp-H), 2.09-2.11 (18H, 9 x OCOCH3).
C NMR (CD;0D): §169.9, 169.4, 168.8 (3 x C=0, B). 169.7, 169.2, 168.9 (3 x C=0,
@), 99.2 (Cio), 93.7 (Cip). 83.4 (Cua), 81.5 (Cyp), 80.9 (Caa), 79.8 (Cq), 77.5 (Cap),
75.9 (Csp), 21.0, 20.8, 20.6 (3 x OCOCH3, B), 20.9, 20.7, 20.4 (3 x OCOCH;, o), 5.5
(Csp), 4.0 (Csg). No further studies were performed with 59.

3.2.4. General procedure for the deacetylation reactions 1 & 2 (section
4.1.1.) of 59

To a residue of §9 (120 mg, 0.31 mmol) was added methanolic ammonia (20
mL, previously saturated at 0°C) and the resulting solution was kept at 0°C for 16 h
(Reaction 1) or -20°C for 8 h (Reaction 2). The solution was concentrated to dryness
and the residue was chromatographed on a column containing silica gel using
dichloromethane-methanol (19:1, 9:1, 85:15 and I:1 in reaction | (v/v)) or purified by
preparative TLC using chloroform-methanol (85:15 (v/v)) to give three major products
(11.8 mg, 14.5 mg, 49.6 mg, respectively) which were shown not to be the expected
deacetylated product 60 by 'H and 'C NMR. The formation of 60, if any, was not
observed in these two reactions.

3.2.5. Chemical synthesis of 1-(S-deoxy-5-iodo-a-D-arabinofuranosyl)-2-
aminoimidazole (Iodoaminoimidazole arabinoside: IAIA (5))

3.2.5.1. Chemical reduction from AZA (7) and subsequent iodination
I-(a-D-Arabinofuranosyl)-2-aminoimidazole (AIA, 6)

A solution of 7 (100 mg, 0.41 mmol) in 95% ethanol (5 mL) was reduced under
| atmosphere of hydrogen at 25°C for 2 h in the presence of palladium on activated

carbon (12.2 mg). The mixture was filtered and the filtrate was evaporated to give 6
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(90 mg, 88%) as a residue which was used directly. 'H NMR (D-0): 86.77 (1H,d, J =

2 Hz, Cs-H), 6.48 (1H, d, J = 2 Hz, C4-H), 540 (1H, d, J;-» = 6 Hz, C,'-H), 4.33 (1H,
t, J»3 = 6.2 Hz, C;'-H), 4.06 (1H, m, C;5’-H), 3.99 (1H, m, C,-H), 3.66 & 3.56 (2H, m,
2 x Cs'-H). Full characterizations of 6 are provided in section 3.2.5.2.3.
1-(5-Deoxy-5-iodo-a-D-arabinofuranosyl)-2-aminoimidazole (IAIA, 5)

To a solution of 6 (78 mg, 0.36 mmol) in dry pyridine (2 mL) was added
triphenylphosphine (221.5 mg, 0.73 mmol) and iodine (185 mg, 0.73 mmol) and the
resulting solution was stirred at 25°C for 2 h. The solution was concentrated to dryness
and the residue was chromatographed on a column containing silica gel using
chloroform-methanol (19:1 (v/v)) to give 47 mg (40%) as an oily residue. 'H NMR
(D-0): 8693 (IH, d, J = 2.6 Hz, Cs-H), 6.74 (1H, d, J = 2.6 Hz, Cs-H), 5.64 (1H. d,
Jir»=5.2 Hz, C/’-H), 445 (1H, t, Ja 3 = 5.5 Hz, C5-H), 4.10 (2H, m, J4 5, = 4.3 Hz,
Cs'-H & Cy'-H), 3.43 (1H, dd, Js;, s = 10.0 Hz, Js, s = 4.3 Hz, Cs'-H,), 3.33 (IH, m,
Jsb. 52 = 10.0 Hz, Js 4 = 5.3 Hz, C5"-Hp). '’C NMR (D;0): § 147.2 (Ca), 114.8 (Cy),
113.8 (Cs), 88.8 (C,"), 83.8 (C4'), 79.9 (C2), 78.7 (C3'), 6.6 (Cs'). LR (ESI) MS nv/x
(%): 326([M+H]", 100). HR (ESI) MS (CgH3N;I0;): Caled. mass 326.000168. Exact
mass 326.000624.

3.2.5.2. Chemical synthesis from D-(-)-arabinose (61)

3.2.5.2.1. Starting materials
Methyl 2,3,5-tri-O-benzoyl-o-D-arabinofuranoside (63)

The title compound 63 was prepared from D-(-)-arabinose 61 (10.0 g, 0.067
mol) according to published procedures'>’="*2'. Crystalline 63 was obtained from

absolute ethanol and was used directly (17.4 g, 54%). Melting point 99-101°C



84
(Literature mpIM 100-101.5°C). TLC Ry = 0.39 (hexane-ethyl acetate 4:1 (v/v)). 'H

NMR (CDCls): 8 7.28-8.13 (15H, m, 3 x CeHs), 5.58 (1H, d, J3.4 =4.9 Hz, C;-H), 5.51
(1H, d, J.3=1.2 Hz, C;-H), 5.18 (1H, 5, C;-H), 4.84 (1H, dd, Js5 = 12.0 Hz, Js ; = 3.4
Hz, Cs-H), 4.69 (1H, dd, Js 5 = 12.0 Hz, J5 s = 4.9 Hz, Cs-H), 4.57 (IH, dd, Hy 5 = 4.9
Hz, H4s = 3.4 Hz, C4-H). ">C NMR (CDCl3): 8 165.8-167.0 (3 x C=0), 128.3-133.5 (3
x CeHs), 106.9 (C)), 82.2 (Cy), 80.9 (C3), 78.0 (Cs), 63.7 (Cs), 55.0 (OCH;). 'H-'H
NOESY (CDCl;): H, had cross peaks with methyl protons in OCH3, confirming its o
configuration.
1-Bromo-2,3,5-tri-O-benzoyl-a-D-arabinofuranose (64)

The sugar bromide 64 was prepared from 63 (1.0 g, 2.10 mmol) in hydrogen

157.214.215

bromide-acetic acid (25%) according to published procedures . Crystalline 64
(475 mg, 43%) was obtained from absolute ether (5 mL) after keeping the ethereal
solution in the dark for 15 h at 0°C. TLC indicated a single spot (R; = 0.38 in ethyl
acetate-hexane 3:7(v/v)) with no UV active spots at R; = 0. (Literature TLCY? Rf =
0.38 in ethyl acetate-hexane 3:7(v/v)). Melting point 100-102°C (Literature mp>'* 103-
104°C). 'H NMR (CDCl;): § 7.28-8.16 (15H, m, 3 x C¢Hs), 6.63 (1H, s, C,-H), 5.96
(IH, s, Cs-H), 5.63 (IH, d, J;4 = 4.4 Hz, C;-H), 492 (1H, dd, Js s =3.2 Hz, Jss = 1 1.0

11.0

Hz, Cs-H), 4.87 (1H, dt, J4s = 3.2 Hz, J, 5 = 4.4 Hz, Cs-H), 4.78 (1H, dd, Js5 s
Hz, Js4 = 4.4 Hz, Cs-H). *C NMR (CDCl3): 8 166.0, 165.7, 165.1 (3 x C=0), 128.4-

133.8 (3 x CgHs), 88.5 (Cy), 85.7 (Cs), 84.6 (C»), 77.2 (C3), 62.6 (Cs).
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2-Acetamidoimidazole (69)

To a stirred suspension of finely powdered 2-aminoimidazole sulfate 65 (2.01
g, 15 mmol) in acetic anhyride (20 mL) was added triethylamine (2.5 mL, 18 mmol)
and the resulting suspension was stirred at 25°C for 42 h. Absolute ethanol (50 mL)
was subsequently added to the resulting clear solution and the ethanolic solution was
further stirred at 25°C for 15 min and then under reflux (at 80°C) for 20 h. After
evaporation of the solvent, the residue was treated with chloroform (30 mL) to afford
crude solids (1.44 g). The mother liquor was concentrated and the resulting syrupy
material gave a further 231 mg of crystalline product on standing (total crude yield:
1.67 g, 88%). Recrystallization from 2-propanol (100 mL) gave 69 as light brown
needles (1.28 g, 67%). Melting point 238-240°C (Literature mp 287°C**° and 284-
285°C*'). '"H NMR (CD;0D): § 6.77 (2H, 5, C4-H & Cs-H), 2.15 (3H, s, NHCOCH}).
TLC R¢ = 0.25 in chloroform-methanol 9:1 (v/v). LR (EI) MS m/z (%): 125(M*, 32),
83(100). Anal. Calcd. For CsH;N;0: C, 47.98; H, 5.65; N, 33.58. Found: C, 48.06: H,
5.64; N, 33.53 (Literature values™': C, 48.22; H, 5.50; N, 33.43).
2-Trifluoroacetamidoimidazole (66)

To a cooled, stirred suspension of finely powdered 2-aminoimidazole sulfate 65
in trifluoroacetic anhydride (10 mL) was added dropwise triethylamine (3.2 mL, 23
mmol). The resulting clear solution was stirred at 25°C for 15 h after which the
solution was concentrated to a thick syrup. 2-Propanol (30 mL) was added and the
resulting suspension was filtered to give 0.80 g (60%) of milky white solids which
were used directly. An analytical sample was prepared by recrystallization in 2-

propanol. Melting point 233-235°C. TLC R¢ = 0.33 in ethyl acetate-hexane 3:2 (v/v).
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'H NMR (CD;OD): 86.94 (2H, s, C4-H and Cs-H). LR (ED) MS m/z (%): 179(M",

100). HR (EI) MS (CsH;N;F;0): Calcd. mass 179.0306. Exact mass 179.0296.
3.2.5.2.2. Glycosylation reactions
1-(2,3,5 Tri-O-benzoyl-co-D-arabinofuranosyl)-2-acetamidoimidazole (71)

To a stirred suspension of 2-acetamidoimidazole 69 (11 mg, 0.088 mmol) and
potassium carbonate (24 mg, 0.17 mmol) in dry acetonitrile (10 mL) under argon was
added the sugar bromide 64 (30.5 mg, 0.058 mmol) and the resulting suspension was
stirred at 25°C in a sealed reaction flask for 13 h after which a clear solution resulted.
TLC indicated the formation of two major products. The solution was allowed to stir at
25°C for an additional 47 h and then under reflux for 3 h. After evaporation of the
solvent, the residue was treated with chloroform (20 mL) and the filtered chloroform
solution was washed successively with saturated sodium bicarbonate (20 mL) and
water (20 mL). The dried solution (Na,SOy) was concentrated to give a residue (24
mg) which was purified by preparative TLC using ethyl acetate-methanol (19:1 (v/v))
to give 67 (9 mg, 28%) as a syrup. 'H NMR (CDCl3): & 7.35-8.11 (15H, m, 3 x CgHs),
7.05 (1H, brs, Cs-H), 6.90 (1H, brs, C4-H), 6.38 (1H, br's, C,"-H), 6.10 (1H, brs, C-'-
H), 5.72 (IH, br s, C;'-H), 4.92 (IH, m, C,-H), 4.75 (2H, m, 2 x C5-H), 2.11 (3H, s,
NHCOCHj3). "*C NMR (CDCl;): § 165.0-166.1 (4 x C=0), 128.4-133.8 (3 x C¢Hs, Ca,
Cs & Cs), 90.0 (Cy), 83.9 (C4'), 80.4 (Ca), 77.9 (C3"), 63.9 (Cs"), 21.0 (NHCOCH;).
LR (ED MS m/z (%): 569(M*, 0.43), 105(100). HR (FAB) MS (C;;H250gN;): Caled.
mass 570.1876. Exact mass 570.1854.

Another product with a higher Ry value was isolated (11 mg, 19%) and

confirmed to be /,3-bis (2,3,5-tri-O-benzoyl-a-D-arabinofuranosyl)-2-acetamido-
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imidazole (72). 'H NMR (CDCl5): & 7.28-8.04 (30H, m, 6 x CeHs), 6.94 (2H, s, C;-H

& Cs-H), 6.60 (2H, s, 2 x C,’-H), 6.00 (2H, s, 2 x C5-H), 5.52 (2H, s, 2 x C;'-H), 4.78
(2H, m, 2 x C;-H), 4.72 & 4.63 (4H, m, 2 x Cs'-H), 1.83 (3H, s, NHCOCH3). LR
(FAB) MS m/z (%): 1014([M+H]", 15), 105(100).

1-(2,3,5 Tri-O-benzoyl-a-D-arabinofuranosyl)-2-trifluoroacetamidoimidazole (67)

To a suspension of 2-trifluoroacetamidoimidazole 66 (100 mg, 0.56 mmol) and
potassium carbonate (92 mg, 0.67 mmol) in dry acetonitrile (100 mL) was added
dropwise a solution of the sugar bromide 64 (295 mg, 0.56 mmol) in dry benzene (30
mL) under argon over a period of 1-1.5 h. The resulting suspension was stirred in the
dark at 25°C for 15 h in a sealed reaction flask. After filtration of the gray suspension
the solvent was evaporated and the residue was treated with chloroform (30 mL). The
filtered solution of chloroform was concentrated to a light yellow foam (371 mg) which
was submitted to silica gel HPLC (preparative scale) using dichloromethane followed
by dichloromethane-ethyl acetate (97:3 (v/v), flow rate = 6.0 mL/min) to give 152.3 mg
(44%) of 67 as a syrup. TLC Ry = 0.56 in ethyl acetate-hexane (1:1 (v/v)). 'H NMR
(CDCl3): & 11.84 (1H, brs, NH), 7.34-8.11 (15H, m, 3 x C¢Hs), 6.96 (1H, d, J = 2.44
Hz, Cs-H), 6.88 (1H, d, ] = 2.44 Hz, C;-H), 6.43 (1H, d, J|-» = 3.9 Hz, C,-H), 6.20
(1H, t, ) =3.9 Hz, J»3 = 4.1 Hz, C,’-H), 5.86 (1H, t, J3 4+ = 4.4 Hz, C5'-H), 5.08 (1H,
dt, Jysa=4.9 Hz, Jy 55 = 3.9 Hz, C,’-H), 4.80 (1H, dd, Js;,sv = 12.2 Hz, J5,4 = 4.9 Hz,
Cs'-H,), 4.70 (1H, dd, Jsp5, = 12.2 Hz, Jsp 4 = 3.9 Hz, Cs'-Hyp). '*C NMR (CDCl;): &
164.3-166.1 (4 x C=0), 1494 (C,), 128.3-133.8 (3 x C¢Hs), 112.8 (C; & Cs), 89.2

(Ci"), 82.7 (Cy4'), 80.8 (Cy'), 77.5 (C5"), 642 (Cs"). LR (FAB) MS m/z (%): 624
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([M+H]", 68), 105(100). HR (FAB) MS (Cj;;H,s03N;F;): Calcd. mass 624.1594.

Exact mass 624.1581.

Another product with a slightly higher R value (0.60 in ethyl acetate-hexane
1:1 (v/v)) was isolated (39.5 mg, 7%) and confirmed to be /,3-bis (2,3,5-tri-O-benzoyl-
o-D-arabinofuranosyl)-2-trifluoroacetamidoimidazole (73). '"H NMR (CDCl;): & 7.35-
8.10 (30H, m, 6 x CsHs), 7.15 (2H, s, Cs-H & Cs-H), 6.71 (2H, J» =245 Hz,2 x C,-
H), 5.93 2H, t, J»3 = 2.2 Hz, 2 x Cy'-H), 5.64 (2H, t, J3-4+ = 2.4 Hz, 2 x C;'-H), 4.93
(2H,dt, Jy 5. =59 Hz, Jy 56 =4.9 Hz, 2 x C,"-H), 4.81 (2H, dd, Js, 50 = | 1.9 Hz, Js,4 =
5.9 Hz, 2 x Cs-H,), 4.69 (2H, dd, Jsp s, = 11.9 Hz, Jsp4 = 4.9 Hz, 2 x Cs'-Hy). LR
(FAB) MS nv/z (%): 1068([M+H]", 18), 445(100).

3.2.5.2.3. Deprotection reactions
I-(a-D-Arabinofuranosyl)-2-acetamidoimidazole (74)

To a solution of 71 (30.5 mg, 0.054 mmol) in absolute methanol (10 mL) was
saturated with NH; at 0°C for 15 min. The resulting solution was kept at 4°C for 22 h
after which the solvent was evaporated. The residue (23 mg) was purified by
preparative TLC using chloroform-methanol (7:3 (v/v)) to give 74 (10.1 mg, 73%) as a
syrup. TLC Ry = 0.46 in chloroform-methanol (7:3 (v/v)). 'H NMR (CD;0OD): 8 7.33
(1H, s, Cs-H), 6.90 (1H, s, Cs-H), 5.60 (1H, d, J;-» = 3.9 Hz, C\-H), 4.28 (IH, t, J» 3 =
4.4 Hz, Cy-H), 4.15 (1H, m, J4 52 = 3.4 Hz, C,’-H), 4.09 (1H, m, J3 4 = 4.9 Hz, Cy'-H),
3.75 (IH, dd, Jsu s = 12.1 Hz, Jsu4 = 3.4 Hz, Cs'-H,), 3.66 (1H, dd, Jspsa = 12.1 Hz,
Jsp4 = 4.9 Hz, Cs'-Hp), 2.13 3H, s, NHCOCH;). LR (EI) MS m/z (%): 257(M*, 5.5),

43(100).
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I-(a-D-Arabinofuranosyl)-2-aminoimidazole (6) (Trial 2, Section 4.4.2.)

To a solution of 74 (1 mg, 0.004 mmol) in absolute ethanol (0.75 mL) was
added | N KOH in D;O (0.25 mL) and the resulting solution was refluxed for 3 h. The
solution was then concentrated to dryness to give 6 (0.5 mg, 50%) as an oily residue.
'H NMR spectrum showed that the acetamide was cleaved. 'H NMR (D->0): 8 6.81
(IH, s, Cs-H), 6.49 (IH, s, Cs-H), 5.30 (1H, m, C,"-H), 4.30 (1H, m, C»'-H), 4.00 (2H,
m, C;-H & C,-H), 3.60 (2H, m, Cs'-H, & Cs'-H,). Full characterizations of 6 are
given below.

I-(a-D-Arabinofuranosyl)-2-trifluoroacetamidoimidazole (68)

To a solution of 67 (17.3 mg, 0.028 mmol) in absolute methanol (5 mL) was
saturated with NH; at 0°C for 10 min. The resulting solution was kept at 25°C for 15 h
after which it was concentrated to dryness. The residue (6 mg) was chromatographed
on a column containing silica gel (3 g) using chloroform-methanol (7:3 (v/v)) to give
3.5 mg (42%) of 68 as an oily residue. TLC R¢ = 0.59 in chloroform-methanol (7:3
(v/v)). 'H NMR (CD;OD): §7.30 (1H, d, J = 2.44 Hz, Cs-H), 6.97 (1H, d, J = 2.44 Hz,
Cs-H), 6.04 (I1H, d, Jy > = 3.9 Hz, C/-H), 4.36 (1H, t, J» 3 = 4.4 Hz, C-"-H), 4.23 (IH,
m, Jysa = 3.9 Hz, Jy s = 4.9 Hz, CJ-H), 4.14 (1H, t, J3 4 = 4.9 Hz, C3'-H), 3.76 (1H,
dd, Jsusb = 12.0 Hz, Jso 4 = 3.9 Hz, Cs'-H,), 3.68 (1H, dd, Jsp s, = 12.0 Hz, Jsp.+ = 4.9
Hz, Cs'-Hp). LR (EI) MS m/z (%): 311(M", 1), 110(100).
I-(a-D-Arabinofuranosyl)-2-aminoimidazole (6) (Trial 5, Section 4.4.2.)

To a solution of 67 (33.3 mg, 0.054 mmol) in absolute methanol (10 mL) was
saturated with NH3 at 0°C for 10 min. The resulting solution was stored at 25°C for 18

h after which it was concentrated to dryness. Ammonia water (29%, 10 mL) was
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subsequently added to the residue and the aqueous ammonia solution was refluxed for

30 min. The solution was then concentrated to a syrup (19.5 mg) which was
chromatographed by reverse-phase HPLC (analytical scale) twice, eluted with water-
methanol (1:0, 1:1, 0:1 (v/v), flow rate = 0.6 mL/min, retention time = 11.02-12.09
min) to give 6 (5 mg, 44%) as an oily residue. '"H NMR (D,0): § 6.81 (1H, d, ] = 1.95
Hz, Cs-H), 6.53 (1H, d, J = 1.95 Hz, C4-H), 5.43 (1H, d, J;-» = 6.35 Hz, C,'-H), 4.36
(IH, t, J»;» = 6.35 Hz, J» 3 = 6.3 Hz, C,’-H), 4.08 (1H, t, J3 » = 6.35 Hz, C3'-H), 4.01
(IH, m, C-H), 3.68 (1H, dd, Js, 5% = 12.7 Hz, J5,4 = 2.9 Hz, Cs'-H,), 3.59 (1H., dd,
Jsbsa = 12.7 Hz, Jspe = 4.9 Hz Cs'-H). *C NMR (D>0): § 150.4 (Ca), 125.0 (Cy),
113.9 (Cs), 87.8 (C/'), 83.7 (Cy4'), 80.1 (Cy'), 75.1 (Cy3'), 61.7 (Cs'). LR (FAB) MS /-
(%): 216([M+H]", 69), 185(80), 93(100). HR (FAB) MS (CgH,sO;N3): Calcd. mass
216.0984. Exact mass 216.0991. 'H-'H COSY, 'H-'H NOESY, NOE correlation
studies are reported in section 4.4.2.
'H NMR (CD;CN): 6 13.68 (2H, br s, NH protons), 6.76 (1H, d, J = 1.47 Hz, Cs-H),
6.48 (IH, d, J=1.47 Hz, Cs-H), 540 (IH, d, J;» = 5.4 Hz, C,"-H), 4.27 (IH, t, Jy 3 =
4.75 Hz, Cy'-H), 4.07 (1H, t, J3 »» = 5.4 Hz, C;"-H), 4.02 (IH, m, C,-H), 3.69 (1H, dd,
Jsasp = 12.2 Hz, Js, 4 = 2.9 Hz, Cs'-H,), 3.59 (1H, dd, Jsps, = 12.2 Hz, Jspe = 4.4 Hz
Cs'-Hp).

Another product was isolated from reverse-phase HPLC (retention time = 8.48-
9.56 min) and its structure was proposed to be the pyranosyl isomer of 6, /-(a-D-
arabinopyranosyl)-2-aminoimidazole (75). 'H NMR (D>0): & 6.90 (1H, br s, Cs-H),
6.69 (1H, brs, Cs-H), 5.52 (1H, d, J- > = 5.5 Hz, C,’-H), 4.39 (1H, m, C,'-H), 4.10 (2H,

m, C;'-H & Cy'-H), 3.70 & 3.62 (2H, m, 2 x Cs-H). LR (FAB) MS m/z (%): 216
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(IM+H]", 100), 185(48), 93(68). HR (FAB) MS (CgH,;0:N;): Calcd. mass 216.0984.

Exact mass 216.0995. '"H-'H COSY, 'H-'H NOESY, NOE correlation studies are
reported in section 4.4.2.
'H NMR (CD;CN): §6.89 (1H, d, ] = 2.44 Hz, Cs-H), 6.74 (1H, d, ] = 2.44 Hz, C;-H),
5.61 (IH,d, Jy» =3.4 Hz, C,"-H), 429 (1H, t, J» 3 = 3.9 Hz, C;-H), 4.20 (1H, dd, I, 3
=44 Hz, Jy5, =34 Hz, Jysp =42 Hz, C/-H), 4.16 (IH, t, Jy» =39 Hz, J; + = 4.4
Hz, C-H), 3.71 (1H, dd, Jsas6 = 12.1 Hz, J5, 4 = 3.4 Hz, Cs'-H,), 3.64 (I1H, dd, Jsp.5
= 12.1 Hz, Jsp4+ = 4.2 Hz Cs'-Hy).
1-(5-Deoxy-5-iodo-a-D-arabinofuranosyl)-2-aminoimidazole (IAIA, 5)

The iodination procedures of 6 are identical to those described in section
3.2.5.1.

3.2.6. General procedure for glycosylation reactions with silylation of 2-
aminoimidazole derivatives (Reactions 1 & 9, section 4.4.1.)

These glycosylation reactions were modified from published procedures''. A
suspension of 66 (15 mg, 0.080 mmol) or finely powdered 65 (16.4 mg, 0.116 mmol)
in hexamethyldisilazane (1-5 mL) was refluxed for 2.5-3 h after which the excess
reagent was evaporated to give an oily residue. A solution of the sugar bromide 64 (30
mg, 0.058 mmol) in dry acetonitrile (10 mL) or dry benzene (20 mL) and mercuric
cyanide (28.3-49.6 mg, 0.11-0.196 mmol) were added to the silylated residue and the
reaction mixture was refluxed for 12 h. After evaporation of the solvent, the filtered
chloroform solution (20-30 mL) was successively washed with 30% potassium iodide
solution (20-30 mL), saturated sodium bicarbonate (30 mL) and water (20-30 mL).

The dried solution (Na>SQO;) was concentrated to give a residue (15-27.2 mg) which
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was purified by preparative TLC using ethyl acetate-hexane (4:1 or 3:7 (v/v)) to give 6

major products (0.6-4.4 mg, total 15.8 mg) in Reaction 1 and 9 major products (0.8-4.3
mg, total 19 mg) in Reaction 9. These products showed very complex 'H NMR data
and were not further studied.

3.2.7. General procedure for glycosylation reactions in dichloromethane
(Reactions 7 & 8, section 4.4.1.)

A solution of the sugar bromide 64 (30 mg, 0.058 mmol) in dry
dichloromethane (10 mL) was added to a suspension of 69 (21 mg, 0.116 mmol) in dry
dichloromethane (50-120 mL) and the resulting suspension was stirred at 25-28"C for
10.5 days (Reaction 7) and 3.5 days (Reaction 8). The solvent was evaporated and the
filtered solution of chloroform (10-20 mL) was washed successively with saturated
sodium bicarbonate (10-20 mL) and water (10-20 mL). The dried solution (Na.SO;)
was concentrated to give a syrup (30-50 mg) which was purified by preparative TLC to
give 4 major products (1-11.3 mg, total 18.5 mg) in Reaction 7 and 5 major products
(0.5-13.2 mg, total 27.8 mg) in Reaction 8. The glycosylation product 67 was isolated
in both reactions (4.2 mg, 12% and 8.3 mg, 23%, respectively) and was found to be
identical to that obtained in Reaction 6 by 'H NMR.

3.2.8. General procedures for the radioiodination of methyl 5-deoxy-5-
['**I]-iodo-D-arabinofuranoside (['**I]-3) and methyl 2,3-di-O-
acetyl-5-deoxy-5-['*I]iodo-a-D-arabinofuranoside (['*°1]-6) in
pivalic acid

In a typical radioiodination reaction, no-carrier-added Na['*I]I supplied as a
solution in 10 L of 0.1 N NaOH, was diluted to the desired specific concentrations

(0.2 MBq for radioiodination trials and 9.2 MBq for biodistribution studies, in 5 uL

of aqueous NaOH for both 3 and 6). The solution was concentrated to dryness in a
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1.0 mL Reacti-vial® under a stream of argon gas. A solution of 3 (1.0 mg, 3.6 umol)

or 6 (0.5 mg, 1.4 pmol) in 100 puL of methanol (3) or dichloromethane (6) was added
to the Reacti-vial® and the solvent was subsequently evaporated. A solution of
pivalic acid (3 mg, 0.029 mmol for 3 or 1.5 mg, 0.014 mmol for 6) in methanol (100
uL, 3) or dichloromethane (100 pL, 6) was added to the Reacti-vial® and the solvent
was again evaporated. The vial was then sealed with a teflon-rubber septum or
capped with a Mininert® valve and heated (7[-130°C) for 1-3 h at which radioiodine
exchange occurred in a pivalic acid “melt”'®.

The contents of the vial were then dissolved in 100 uL of methanol (['2511-_2_5_)
or dichloromethane (['ZSI]-Q). A 1.0 pL sample was analyzed by TLC using chloro-
form-methanol (85:15 (v/v)) for ['ISI]-Q or hexane-ethyl acetate (4:1 (v/v)) for [125[]_
6. Unlabeled standards of these sugar analogs were used as reference compounds.
The plastic-backed TLC plate was covered with transparent Scotch” tapes and cut
into six (['251]-§) or ten (['ZSI]-_6_) fractions and each part was separately counted for
radioactivity in a gamma counter. The radiochemical yield (labeling efficiency) was
calculated by dividing the radioactivity on the portion of the plate co-eluting with the
“cold” standards (as observed under UV) by the total radioactivity on the TLC plate.

The best radiochemical yield obtained for 3 was 92% and that of 6 was 91%.



3.2.9. General procedures for the radioiodination of 1-(5-deoxy-5- "
['*Iliodo-o-D-arabinofuranosyl)-2-aminoimidazole (Iodo-
aminoimidazole arabinoside: IAIA (5))
3.2.9.1. Pivalic acid “melt’’ method
In a typical radioiodination reaction, no-carrier-added Na['*I]I supplied as a
solution in 10 UL of 0.1 N NaOH, was diluted to the desired specific concentrations
(0.4-0.8 MBq for radioiodination trials in 5-10 uL of aqueous NaOH. The radio-
iodination trials were performed in pivalic acid (0.3-5 mg, 0.003-0.048 mmol) and
the radiochemical yields were determined as described in section 3.2.8. The best
radio-iodination result for § was about 46% but it required a reaction time of more
than 5 h.

3.2.9.2. Solvent exchange method

In a typical radioiodination reaction for biodistribution studies, no-carrier-added
Na('**I]I supplied as a solution in 10 puL of 0.1 N NaOH, was diluted to the desired
specific concentrations (5.6-9.2 MBq in 10-20 pL of aqueous NaOH). The solution
was concentrated to dryness in a 1.0 mL Reacti-vial® under a stream of argon gas. A
solution of § (0.5-1.0 mg, 1.5-3.1 umol) in 100 pL of methanol was added to the
Reacti-vial® and the solvent was subsequently evaporated. 2-Propanol (100 puL) was
added and the vial was capped with a Mininert® valve and heated at 88°C for 2-3.5 h.

The vial was cooled after which the solvent was evaporated. Subsequent

determinations of radiochemical yields are described in section 3.2.8. (TLC solvent

chloroform-methanol-ammonia (85:15:1 (v/v)). The radiochemical yields averaged

about 42% and this method was preferred over the pivalic acid “melt” method.



3.2.10. Purification of methyl 5-deoxy-5-['**Iliodo-D-arabinofuranoside "
('**1]-3) and methyl 2,3-di-O-acetyl-5-deoxy-5-['*I}iodo-a-D-
arabinofuranoside (['%° I]-6)

The crude products (['ZSI]-Q_ and ['ZSI]-Q) were chromatographed on a short
column (Pasteur pipette) containing silica gel using dichloromethane-methanol (19:1
(v/v)) for ['25I]-§ or hexane-ethyl acetate (4:1 (v/v)) for ['25I]-§_. Twenty fractions
each containing approximately 0.5 mL were collected. Each collected fraction (1 uL)
was spotted on a small TLC plate which was then counted for radioactivity by a
gamma counter. The fractions containing the most amounts of radioactivity were
combined and evaporated to give the purified ['*I]-3 or ['*[]-6. Radiochemical
purity of these compounds was determined by the same TLC method and it was

found to be over 99% and 97%, respectively.

3.2.11. Purification of 1-(5-deoxy-5-[usl]iodo-a-D-arabinofuranosyl)-2-
aminoimidazole (Iodoaminoimidazole arabinoside: IAIA (5))

The crude product [ '251]-§ was purified by reverse-phase Sep-Pak® cartridges
(Waters). The cartridge was fitted with a 10-mL syringe in which the added solvent
exerted solvent pressure to increase the gravity flow rate. The cartridge was first pre-
conditioned with methanol (5 mL) followed by normal saline (5 mL). A solution of
['ZSI]-§ in saline (50 puL) was added to the top of the cartridge through the syringe.
The vial was washed further with saline (50 uL) which was combined with the
previous saline solution. Saline (9-10 mL) was then added to the syringe as an eluant
and to maintain the solvent pressure on the cartridge (flow rate was about 1 mL/min).
Twenty fractions each containing approximately 2 mL were collected. Each collected

fraction (0.5 puL) was spotted on a small TLC plate which was then counted for
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radioactivity by a gamma counter. The fractions containing the most amounts of

radioactivity were combined and evaporated to give the purified ['*I]-5. s
radiochemical purity was determined by the same TLC method (TLC solvent
chloroform-methanol-ammonia (85:15:1 (v/v/v)) and it was found to be over 95%.

3.2.12. Animal studies

3.2.12.1. Preparation of the animal model

Murine EMT-6 cells were obtained as a suspension in normal saline from Ms.
Haiyan Xia in the Wiebe research group in this faculty, at a concentration of about
1x107 cells/mL. The cell suspension (0.1 mL, 1x10° cells) was subcutaneously
injected into the left flank of each Balb/c mouse briefly anesthetized by inhalation
with halothane. The mice were caged in standard plastic cages (5 mice per cage) and
maintained with water and rodent food pellets ad lib. After 14-16 days, when the
tumors reached the desired size of about 300 mg (8 mm diameter), the animals were
used for biodistribution studies. The average size of tumors used in this study was
about 238 mg.

3.2.12.2. Administration of radiopharmaceuticals

Radiolabeled compounds were stored dry and frozen, and were reconstituted
with physiological saline (['ISI]-Q) or 20% ethanol in saline ([‘3511-@ just prior to
injection. In the reconstitution of ['*’I]-§, an appropriate amount of ultra-pure and
sterile water was added to the residue to maintain isotonicity of the injected saline
solution just prior to injection. For biodistribution studies, each mouse received

0.10-0.15 mL of solution and the radioactivity present was 10-15 kBq (0.3-0.4 uCi)
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in ['*1]-3 and ['*1]-4, and 10-60 kBq (0.3-1.6 uCi) in ['**I]-5. Reconstituted radio-

pharmaceuticals were injected via the dorsal vein in a single bolus injection.

3.2.12.3. Collection of tissue samples

Tissue samples of the mice that received single bolus injections of radio-
pharmaceuticals were collected by the following general procedure.

The mice were sacrificed by asphyxiation with carbon dioxide (dry ice),
followed by cardiac puncture and exsanguination. In addition to the blood, other
recovered samples were the brain, heart, lungs, liver, kidneys, spleen, gastrointestinal
tract (GIT), stomach, muscle, bone, tumor (when tumor-bearing mice were used),
thyroid, skin, and tail. Entire organs of the above samples were dissected and collected
into small plastic vials (Beckman Poly-Q"-Vials, 6 mL) and weighed wet using an
electronic balance. Stomach and small intestine samples were emptied of their food
contents. Other organs were blotted to remove surface blood contamination. The
muscle sample was taken from the upper hind leg, and the femur of this leg was
removed as a representative bone sample. A skin sample containing fur was taken
from the upper back. The thyroid was collected with the trachea attached with
surrounding tissues. The remaining carcass was divided into two portions and placed
into large counting vials (Beckman Poly-Q™-Vials, 18 mL) and weighed by an

electronic balance.
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3.2.12.4. Biodistribution studies

B6D2F1/J mice (in ['*I]-3 studies) and Balb/c mice (normal and EMT-6
tumor-bearing) were given i.v. doses of the radioiodinated compounds and were then
sacrificed at various time intervals after injection. Biological samples were collected
by the procedure described in section 3.2.12.3.

The tissue samples containing iodine-125 were counted in a Beckman
Gamma 8000 gamma scintillation counter. The disintegrations per min value (dpm)
of each tissue sample was determined in the preset '*’I window with correction for
background. Dpm values were used for all calculations. Percent injected dose per

gram values were calculated by this formula:

% ID/g = Tissue activity (dpm) / Total injected dose (dpm)
weight of wet tissue (g)

The data from three to five animals at each time period were analyzed with
the help of an animal distribution computer program. Statistical analyses on these
biodistribution data were performed by the Analysis ToolPak in Microsoft® Excel

version 5.0.
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4. Results and Discussion

4.1. Methyl 5-deoxy-5-iodo-D-arabinofuranoside 3

4.1.1. Chemistry

The title sugar 3 was synthesized by the procedures described in section 3.2.1.
An initial synthetic route to 3 involved chemical cleavage of the N'-glycosidic bond of
two nucleosides: 1-(5-deoxy-5-iodo-B-D-arabinofuranosyl)uracil  (58A) and 1-(5-
deoxy-5-iodo-a-D-arabinofuranosyl)-2-nitroimidazole (lodoazomycin arabinoside:
IAZA, 1A). The hydroxyl groups in these two nucleosides were first protected by
acetylation to give the respective diacetylated derivatives (58B and 1B) which were

then used for various cleavage reactions (Table 4).
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Table 4. Cleavage reactions under various reaction conditions.

Cleavage | Nucleoside Reaction Desired  Cleaved Product % vield

Reaction Conditions Product  Obtained

1 58B glac. AcOH, 59 No N/A
50-80°C,
8 days

2 58B glac. AcOH, 59 No N/A
100°C,
4 days

3 1B glac. AcOH/ 89 Yes 30%
Ac,0, 100°C,
3 days

4 1B glac. AcOH/ 59 Yes 72%
Ac,0, 100°C,
3 days

5 1B glac. AcOH/ 59 Yes 71%
Ac,0, 100°C,
12h

6 1B glac. AcOH/ 59 Yes 70%
Ac>0, 100°C,
9h

7 1B SnCly/CH.Cl, 3 Yes 90%
MeOH, 0°C,
30 min

Reactions 1 and 2 were attempted with the di-O-acetylated uridine derivative
S8B. The desired sugar product of these reactions (59) was not obtained in these two
reaction trials. The reaction mixtures were found to contain two compounds (as shown
by TLC and by 'H NMR) which remained acetylated at the 2’ and 3’ positions,
respectively. There was no evidence (TLC) to suggest the cleavage of the N'-
glycosidic bond and hence the formation of any “free” sugars. When TLC plates were

sprayed with a visualization agent such as H,SOymethanol, “free” sugars were
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expected to give a positive reaction by appearing as brown color on TLC plates. At the

same time these sugars would give little or no UV response on TLC plates. A strong
UV signal is expected from any uracil-containing sugar fragments due to the presence
of the uracil base. Therefore, a spot on the TLC plate that gives no UV response but
turns brown with the visualization agent suggests a cleaved sugar. No such spots were
found in these two reactions and, together with confirmation by 'H NMR, it appeared
that the N'-glycosidic bond was not cleaved under these conditions.

The difficulties with the first two cleavage reactions may lie in the relative
stability of the N'-glycosidic bond in 58B. The presence of a strong electron with-
drawing group on the nucleobase could weaken the N'-glycosidic bond and facilitate
chemical cleavage by ccnventional agents shown in Table 4. The next five reactions
were devoted to this investigation. [AZA (1A) was chosen as the starting nucleoside
for three reasons: (1) it can be obtained relatively easily; (2) it possesses a strong
electron withdrawing group (NOs) on the nucleobase; (3) IAZA is the basis for the
hypotheses involving sugar analogs and these cleavage reactions would be analogous
to the proposed metabolic pathway in vivo.

The target sugar in Reactions 3-6 (59) was prepared from 1B using acetic
acid/acetic anhydride at 100°C. The success of these four reactions implied that the
introduction of a strong electron withdrawing group could facilitate the cleavage of the
N'-glycosidic bond. Although not studied in detail, the mechanism of cleavage could
be protonation on the 2-nitroimidazole base followed by an Syl or SN2 attack on the
anomeric carbon by the acetate ion. Since an anomeric mixture was observed, the

reaction might have predominately proceeded in Sy1.
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In the last reaction the target sugar was the methyl arabinofuranoside 3. To

obtain 3 stannic chloride (SnCl,) and methanol were utilized, and very good yields
were obtained in a short reaction time (30 min). The first protection step was necessary
to protect the reactive hydroxyl groups during base cleavage. This step was quite
straightforward and diacetyated IAZA (1B) was isolated in 91% yield. It was then
subjected to base cleavage using stannic chloride in dichloromethane. The relative
ease of cleavage was probably due to the Lewis acid catalyst, stannic chloride, which
helped direct electron density on the 2-nitroimidazole ring to itself and thus weakened
the N'-glycosidic bond. Stannic chloride is known to cleave the N'-glycosidic bond in
nucleosides’ and it has also been used in glycosylation reactions with different
bases™. Methanol could then attack the anomeric carbon and form 3 in an anomeric
mixture, suggesting an Sy1 mechanism. After deacetylation by methanolic ammonia at
0°C, 3 was obtained in 90% overall yield (from IAZA, 1A). The synthesis is outlined
in Scheme 11.

Scheme 11. Chemical synthesis of 3 from IAZA (1A) by base cleavage.
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Deacetvlation

The results of deacetylation reactions of 59 under standard conditions are listed
in Table S.

Table 5. Deacetylation reactions of 59.

Deacetylation | Protected  Reaction Desired  Fully deacetvlated
reaction sugar conditions product  product
obtained
! 59 NH3/MeOH 60 No
0°C, 16 h
2 59 NH3;/MeOH 60 No
-20°C, 8 h

Scheme 12. Expected deacetylation reaction of 59.

I 0] I 0]
NHy/MeOH
AcO QAc —————» HQ OH
OAc OH
39 60

Scheme 12 illustrates the expected deacetylation reaction of §9. The “free”
sugar 60 was not observed (‘H NMR) in these two reactions. Presumably 60, once
formed, was chemically unstable and underwent rapid decomposition.

The “free” sugar 60 thus may not be a suitable sugar candidate for biological
investigation because of its observed chemical instability in this study. It is also likely
to be biologically unstable if it is chemically unstable; enzymatic hydrolysis at the
anomeric center and deiodination at the primary carbon atom (Cs) might jointly

operate to open the sugar ring, generating an open-chain sugar. The sugar 59 may
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however be a suitable precursor or prodrug to deliver 60 in the acetylated form.

Although 59 is chemically stable, high levels of esterase (acetylase) activity in blood'’*
could rapidly deacetylate 59 and regenerate 60. By replacing the anomeric acetyl
group with a methoxy group to produce 3, the stability of the “free” sugar (60) could

224

be enhanced. Methyl furanosides are known to be chemically stable*** and their

methyl pyranoside counterparts have been used for biological investigations'®'?".
Although this synthetic method from nucleosides provided 3 in high yields, it
is not the best method from a chemical viewpoint. This synthetic method involves the
degradation of a costly synthetic end product (IAZA, 1A). Alternatively, 3 can be
synthesized from D-(-)-arabinose (61). Treatment of 61 with saturated methanolic
hydrogen chloride gave the anomeric methyl D-arabinofuranosides (62). lodination

with [,/PPhs/pyridine afforded 3 in 65% yield from 62 (Scheme 13).

Scheme 13. Chemical synthesis of 3 from D-(-)-arabinose (61).

HO_-O o
HO HC| l/\leOH L/l Pph
OH 3
/?A’_’ Room — p"nd . HO OCH_;
OH 30eC

OH
6l 3

The first step of the synthesis was based on standard procedures'>’'*!%, Since
the desired anomeric methyl furanosides 62 were the kinetic products, it was essential
to stop the reaction when the reaction solution no longer reduced Fehling’s solution
(absence of reducing sugars). Otherwise, the reaction would proceed to the

thermodynamic products, the anomeric methyl pyranosides. After successive
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evaporation with pyridine, the anomeric furanosides were recovered as a syrup in

essentially quantitative yields.

The resulting syrup was directly iodinated with iodine-triphenylphosphine-
pyridine which is a well-known reagent system for iodination at primary carbons on
sugars and nucleosides'. The role of pyridine may be similar to the role of imidazole
in the triphenylphosphine-iodine-imidazole reagent system™>. The overall yield of 3
was 67% from 61.

4.1.2. Radioiodination

Scheme 14 shows the two methods of exchange radioiodination of 3 used in
this study. Method A employed dimethylformamide (DMF) as the exchange medium
while Method B was a “melt” method using pivalic acid'®®. Sixteen radioiodination
trials were performed in various reaction conditions (Table 6). Method B was
extensively studied and it was found that the best radioiodination condition consisted
of 1 mg of 3 and 3 mg of pivalic acid in a “melt” at a temperature of 100°C for 2 h.
The labeling efficiency obtained for the crude reaction mixture was close to 92%
(Table 6) as detected by TLC.

Scheme 14. Radioiodination of 3.

I O
125] o
Method A: Na ', 85 C°
HO OCH, —

>
3 2h, DMF HO OCH;

OH \Method B:Na 1,100 ¢ / OH

3 2h, pivalic acid

[12s1-3
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Table 6. Summary of radioiodination results for 3 (1 mg) in DMF (100 uL) or
pivalic acid (3 mg).

Radio- Reaction Reaction  Reaction Na['®I]I  Estimated Labelin g
iodination | Medium Temp. Time (h) (MBgq) Specific Efficiency
Trial (°C) Activity (%)
(MBq/
mmol)

l DMF 85 1.0 0.2 27.1 53.1
2 DMF 85 1.5 0.2 36.5 71.5
3 pivalic acid 71 20 0.2 284 55.5
4 pivalic acid 85 1.25 0.2 41.9 82.0
5 pivalic acid 85 1.5 0.2 40.0 78.3
6 pivalic acid 85 2.0 0.2 443 86.6
7 pivalic acid* 85 1.5 0.2 39.0 76.3
8 pivalic acid 100 1.25 0.2 42.6 83.3
9 pivalic acid 100 1.5 0.2 43.3 84.8
10 pivalic acid 100 2.0 0.2 46.8 91.6
11 pivalic acid 115 1.0 0.2 45.1 88.3
12 pivalic acid 115 1.25 0.2 43.6 85.3
13 pivalic acid 115 1.5 0.2 46.0 90.0
14 pivalic acid 115 2.0 0.2 46.6 91.2
15 pivalic acid 130 0.75 0.2 34.0 66.5
16 pivalic acid 130 1.0 0.2 16.0 314
[ 7%* pivalic acid 100 2.0 93 2340.6** 91.6

*5 mg of pivalic acid was used.

**Jsed in in vivo studies.
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Early indications (Trials 3-4) suggested that Method B would give higher

radioiodination yields of 3 and thus this method was chosen for further investigations.
Although solvent exchange in DMF at 85°C for 1.5 h (Method A) gave a lower
labeling efficiency (71.5%) than Method B, other reaction conditions might have
improved the radioiodination yields. In Method B, a higher reaction temperature
correlated positively with radioiodination yields in this study. In general, a longer
reaction time was also found to increase the radioiodination yields at 85°C, 100°C, and
115°C.

However, there seemed to be an upper limit to the reaction temperature. At
130°C, the labeling efficiency fell sharply to 31% after | h. Based on these obser-
vations, the preferred radioiodination condition was chosen at a lower temperature
(100°C) which essentially produced the same radioiodination yields as when the
temperature was at 115°C.

Figure 4. Radioiodination yields of 3.

% Tolal Activity vs Fractions
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Figure 4 shows that in Trial 10, for example, 92% of the total activity was

found on Fraction 3 (['*I]-3). Visualization on TLC plates was enhanced by co-
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spotting with the “cold” sugar analog. Figure 5 illustrates the position of various

components on the original TLC plate.

Figure 5. Determination of labeling efficiency of ['*°I]-3 by TLC.

TLC solvent: CHCly/MeOH =9:1 (Wv)

[1251]-3,91.6%

y
- ME\L" -

1251, 7.0%
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The crude reaction mixture containing the desired ['*’I]-3 and “free” radio-
iodide was separated by column chromatography. Twenty fractions each containing
about 0.5 mL were collected and the collection profile was shown in Figure 6.

Figure 6. Column chromatographic purification and collection profile for ['*I]-
3.
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Table 7. Radiochemical purity determination for ['?°I]-3.

Fraction Counts (dpm) Counts- % Total
Background
{dpm)
S 966727 966427 99.6%
S 1305 4005 0.4%
Total 970432 100.0%
Background 300

Note: Fraction S : Fraction containing ['2511-;
Fraction S': The rest of TLC fractions

The apparent two maxima observed in the collection profile (Figure 6) were
probably due to variability in fraction volumes. Fractions 7-13 were subsequently
combined and evaporated and the resulting TLC determination indicated that the
radiochemical purity of ['**I]-3 was > 99%, suggesting that these fractions essentially
contained ['25I]-§ . The actual amount of radioactivity of radiochemically pure ['**I]-
3 was determined by successive (three) dilutions of the original reaction vial. After
adjustments for counting efficiencies, the amount of radioactivity contained in ['351]-;
was calculated to be 239.4 puCi with an estimated specific activity of 2.3 GBg/mmol.

4.1.3. Biodistribution and elimination

Table 8 shows the in vivo biodistribution of ['*°I]-3 at five time intervals in
B6D2F1/J mice. The specific activity of the injected compound was 2-3 GBg/mmol.
Each animal received an intravenous bolus injection of 11-15 kBq containing 1-2 ug
of [ l25I]-;. The data are presented as percent injected dose per gram of tissue and as

tissue-to-blood ratios of '*°I activity.
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Table 8. Biodistribution of ['*°I]-3 following i.v. administration in normal mice at
various time intervals.

Tissue

Blood

Heart

Lungs

Liver

Spleen

Kidney

Stomach

Small

Intestine

Muscle

Skin

Bone

Brain

Carcass

<
2

5
9+0.22

.LoJ
3%

1.67+0.17
0.51+0.02

2.37x0.11
0.72+0.02

2.43+0.37
0.74+0.08

1.40+0.11
0.43+0.02

5.72+0.18
1.74+0.12

2.61:0.23
0.79+0.07

1.99+0.24
0.61:0.11

1.37+0.05
0.42+0.04

1.59+0.08
0.48+0.04

1.04+0.23
0.32+0.08

0.98+0.05
0.30+0.01

2.88+0.22
0.88+0.02

Time (Hours)

0.50
1.35+0.09

0.83+0.18
0.63+0.17

1.40+0.17
1.05+0.19

1.40+0.24
1.05+0.22

0.90+0.16
0.68+0.15

2.02+0.39
1.51+0.36

2.70+0.31
2.03+0.35

1.26+0.27
0.95+0.25

0.77+0.21
0.57+0.15

0.94:0.19
0.71:0.18

0.63+0.03
0.47+0.03

0.49+0.12
0.37+0.11

1.86+0.28
1.39+0.25

1
1.26+0.13

0.75+0.06
0.60+0.04

1.08+0.10
0.86 +0.06

1.01+£0.12
0.80+0.04

0.72+0.05
0.57+0.04

1.63+0.22
1.29+0.11

2.88+0.76
2.32+0.69

1.36+0.36
1.06+0.21

0.47+0.07
0.37+0.02

0.80+0.11
0.63+0.08

0.54+0.03
0.44+0.05

0.40+0.06
0.32+0.03

1.56+0.22
1.24+0.14

2
0.45+0.12

0.23+£0.04
0.52+0.07

0.43+0.10
0.95+0.04

0.35+£0.08
0.77+0.07

0.29+0.06
0.66+0.05

0.44+0.14
0.96+0.08

2.41+£0.25
5.70+1.72

0.95+0.20
2.18+0.52

0.16+0.03
0.36+0.05

0.32+0.10
0.71+0.09

0.24+0.06
0.54+0.10

0.08+0.02
0.17+0.01

0.88+0.20
1.99+0.24

[N E N

.23+0.07

0.13+0.02
0.58+0.06

0.20+0.05
0.91:0.10

0.18+0.07
0.77 +0.04

0.19+£0.02
0.94+0.27

0.21:0.06
0.91+0.08

1.28+0.75
5.30+1.47

0.58+0.49
2.2121.09

0.07+0.01
0.31+0.06

0.16+0.04
0.74+0.12

0.15+0.08
0.65+0.18

0.02+0.00
0.11+0.03

0.45+0.12
2.13+0.81

The numbers represent the mean + standard deviation for percent of injected dose per
gram of wet tissue for 4 animals, 3 animals for 15 and 30 min.
The numbers in bold italics represent tissue-to-blood ratios.
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Table 8 indicates a rapid early distribution of ['2511-§ throughout the body with

the brain containing the lowest radioactivity when compared to the rest of the organs.
At longer time periods, between 2 and 4 h, brain radioactivity, in terms of percent
injected dose per gram, continued to be the lowest in any other organs. These low
brain radioactivity data did not appear to suggest any metabolic trapping of ['*® []-3 in
the normal mouse brain. At 2 h when the brain-to-blood ratio was the highest (0.37),
the ratios of other tissues were all higher than that of brain. This precludes practical
brain imaging.

Table 9. Thyroid radioactivity as percent injected dose of ['25[]-_13 per organ in
normal mice (n=4 & 3).

Time (Hours) Percent injected Thyroid radioactivity as
dose per organ percentage of
whole-body radioactivity
0.25 0.28+0.07 0.73+0.15
0.50 0.03+0.02 0.1440.13
1 0.82+0.17 5.41£1.40
2 0.80+0.90 8.5519.02
4 1.57+0.74 30.08+10.89

On the other hand, thyroid radioactivity increased steadily as illustrated in
Table 9. In vivo deiodination appeared to be important in these studies and as much
as 30% of radioactivity of the whole body was located in the thyroid at 4 h post
injection. This is not surprising because the relatively weak carbon-iodine bond has

been known to undergo in vivo deiodinations exemplified in the cases of
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['*IIAZRP"15? and ['**1I)-IAZA'. The thyroid is known to extract and accumulate

circulating iodide™®.

The tissue-to-blood ratios (calculated as percent dose per gram of
tissue/percent dose per gram of blood) of radioactivity for some selected organs are
illustrated in Figures 7 and 8. Early hepatic radioactivity was probably due to the
initial metabolism of ['2511-_13 or unmetabolized ['ZSI]-Q in liver. The exact nature of the
metabolite(s), if any, is not known. The sugar 3 is a methyl glycoside with a five-
membered sugar ring and an iodine atom on the terminal carbon. It thus no longer
resembles a physiological sugar and could probably be metabolized as a xenobiotic by
the liver, since the liver is known to play a major role in the metabolism of
xenobiotics™’. Phase 2 conjugation reactions by the liver would render the sugar even
more water soluble. This was reflected in the initial high kidney radioactivity,
suggesting that the renal route of elimination appeared to be predominant.

The tissue-to-blood ratio was highest (5.3-5.7) for stomach at time periods
between 2 and 4 h. Corresponding values for the small intestine were also high
(around 2.2) during this two-hour interval. These elevated levels of 1351 activity in the
stomach and intestine at later time periods are indicative of “frec” radioiodide being
taken up in organs known to accumulate iodide*,

The whole-body elimination and blood clearance curves of normal mice are
shown in Figure 9. The whole-body elimination curve was constructed by summing
radioactivity in all organs dissected for biodistribution studies plus the radioactivity in
the remaining carcass. Whole blood radioactivity was calculated from an aliquot taken

at the time of sacrifice, assuming blood to be 6.5% of the total body weight.



Figure 7. Tissue-to-blood ratios of radioactivity at various time intervals
following i.v. administration of [”51]-§ in normal mice.
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Figure 8. Tissue-to-blood ratios of radioactivity at various time intervals
following i.v. administration of ['** I]-3 in normal mice.
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Figure 9. Whole-body elimination and blood clearance of radioactivity following
i.v. administration of ['**I]-3 in normal mice.
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Whole-body and blood radioactivity clearance data show similar initial rapid
decline in radioactivity and the elimination was likely to be biphasic. More than 60%
of whole-body and 95% of blood radioactivity were eliminated by 15 min post
injection. This was followed by slower clearance up to 2 h in the whole body.
Between 2 and 4 h the whole-body clearance pattern was similar to that in blood
clearance.

The amount of radioactivity remaining in blood and the whole body at 4 h were
0.26% and 5.13% of the injected dose, respectively. Compared with the corresponding
values of about 1.0% and 20% of the injected dose at 4 h for ['*’IJIAZA', the values
for ['**]-3 were much smaller. The sugar analog 3 was cleared four to five times

faster from whole body and blood than the corresponding 2-nitroimidazole nucleoside.
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Because of the observed low brain-to-blood ratios for ['ZSI]-Q (< 0.5), brain tissue

imaging would not be possible. These biodistribution data with ['25[]-§ thus could not

explain the abnormal radioactivity in the brains of ['**IJIAZA patients.

4.1.4. Stability

The radiochemical stability of ['2511-_32 at 4°C in saline was monitored over a

ten-month period. The radiochemical purity of ['*°I]-3 generally decreased with time

in this stability study. By the end of the second S5-month period, its radiochemical

purity had dropped below 90% (Table 10). “Free” radioiodide was generally detected

as a radioactive impurity in addition to other minor active components.

Table 10. Radiochemical stability assessment for ['2°I}-3.

Date of Number of Radiochemical e “‘free” % other
determination months purity (%) radioiodide impurities
Aug 22, 1994 0 99.6 0.4 0.0
Sep 21, 1994 1 99.0 0.6 0.4
Oct 31, 1994 2 95.5 2.9 1.6
Jan 23, 1995 5 97.7 0.0 23
Jun 09, 1995 10 89.1 3.6 7.3
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4.2. Methyl 2,3-di-O-acetyl-5-deoxy-5-iodo-ct-D-arabinofuranoside (4)

4.2.1. Chemistry

The title sugar 4 was synthesized from the anomerically pure furanoside (62q)
followed by iodination and acetylation (Scheme 15). The preparation of 62 was
identical to that previously described for the synthesis of 3 in section 4.1.1. The
anomeric furanoside 62 was chromatographed on a column containing silica gel and
eluted with dichloromethane. The o anomer was first eluted from the column and
recovered as a syrup (47% from 61).

Scheme 15. Chemical synthesis of 4 from D-(-)-arabinose (61).

HO_-O HCII\leOllP o) H (o)
S Separation &
HO/WO" Room temp HO OCH; ———»
purification
OCH;

OH
17

OH (0131
62 62, alpha

I./PPh; | pyridine

30sC
I o 1 (o)
AcO <0 HO
pyridine
OCH; Room temp OCH;
OAc OH
4 3, alpha

lodination was readily achieved by the I,/PPhy/pyridine reagent system.
Another iodination method, which consists of the N-iodosuccinimide (NIS)/PPhy/DMF
reagent system, was explored as an alternative to the former iodination reagent system.
The NIS/PPh;/DMF reagent system is known for the direct replacement of primary
hydroxyl groups in the presence of secondary hydroxyl groupsm. Subsequent

acetylation with acetic anhydride in pyridine gave 4 (Table 11).
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Table 11. Iodination and acetylation reactions for o-62.

Starting lodination reagent/  Percent Acetylation reagent/  Percent

compound | Reaction conditions  vield (%) Reaction conditions  vield (%)

o-62 [,/PPh;/pyridine 67% Ac>0O/pyridine 61%
S0°C, 1 h 25°C, 15h

a-62 NIS/PPh;/DMF not isolated  Ac.O/pyridine 17%
50°C, 6 h 25°C, I5h

The I/PPh;/pyridine reagent system appeared to be superior in the preparation
of 4. The reason for the poor yields obtained with the NIS/PPhs/DMF reagent system
was not investigated in details, although a shorter reaction time might minimize
product decomposition. The rationale for prolonged reaction times came from the
observation from TLC plates indicating little or no disappearance of the starting sugar
a-62. At the end of the reaction time, TLC indicated a complex mixture of
compounds. Furthermore, difficulties with evaporating the non-volatile DMF also
complicated subsequent work-up procedures. Iodination with I,/PPhs/pyridine was
thus selected to be the preferred iodination reagent system.

The overall yield of the anomerically pure () iodinated, di-O-acetylated sugar
analog 4 was about 20% from 61.

4.2.2. Radioiodination

Scheme 16 shows the desired method of exchange radioiodination of 4 using
the pivalic acid “melt” method as described in section 4.1.2. Nine radioiodination
trials were performed to determine the optimum radioiodination condition (Table 12).

The best radioiodination condition employed 0.5 mg of 4 and 1.5 mg of pivalic acid in
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a “melt” with a temperature of 78°C for 3 h. The labeling efficiency obtained for the

crude reaction mixture was close to 91% as detected by TLC.

Scheme 16. Radioiodination of 4.

I O 1251 o
AcO Na' 1, 780C, 3 h . AcO
Pivalic acid
OCH; OCH;
OAC OAC
4 (12504

Table 12. Summary of radioiodination results for 4 (0.5 mg) in pivalic acid (1.5
mg).

Radio- Reaction Reaction  Reaction  Na['*’I]I  Estimated Labelin ¢

iodination | Medium Temp. Time (h)  (MBgq) Specific Efficiency

Trials °c) Activity (%)
(MBq/
mmol)

l pivalicacid 80 1 0.2 105.7 80.0

2 pivalicacid 80 2 0.1 167.6 85.2

3 pivalicacid 78 3 0.2 120.2 91.0

4 pivalicacid 93 I 0.2 105.5 79.8

5 pivalicacid 90 2 0.2 107.6 81.4

6 pivalicacid 100 0.5 0.2 82.2 62.2

7 pivalicacid 100 2 0.2 925 70.0

8 pivalicacid 100 3 0.2 31.8 24.1

9 pivalicacid 122 2 0.2 20.5 15.5

10* pivalic 78 3 13.4 2180.4** 91.0

acid*

*2 mg of 4; 3 mg of pivalic acid. **Used in in vivo studies.
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The labeling efficiency of 4 seemed to increase with longer reaction times. At

80°C, labeling efficiency was highly correlated with a longer reaction time in this
study. Increasing the temperature further, however, appeared to disrupt this
correlation. At 100°C, the labeling efficiency generally decreased with reaction times.
At 122°C, the labeling efficiency fell sharply to 15.5%.

In contrast to the radioiodination results of 3, reaction temperature was
negatively correlated with radioiodination yields in this study. This different effect of
reaction temperature on 3 and 4 was not investigated in details, although the presence
of the two acetyl groups on the latter compound could make it chemically more
unstable in acidic conditions at higher temperatures.

The labeling efficiencies were determined by TLC as previously described.
Figure 10 shows that 91% of the total radioactivity was found on Fraction 4 (['*’I]-4).
Figure 11 illustrates the position of various components on the original TLC plate.

Figure 10. Radioiodination results for 4.
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Figure 11. Determination of labeling efficiency of ['**I]-4 by TLC.
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As Figure 11 illustrates, there was a UV visible spot on Fraction 6 containing
no radioactivity. The identity of this compound formed during radioiodination was not
determined, nor was the mechanism of its formation investigated. Presumably this
compound was produced during the decomposition of 4 because the two acetyl groups
could become unstable when heated for prolonged time periods (e.g. 3 h in Trial 3).
Since the decomposed product contained no radioactivity, it did not affect subsequent
purification steps and was not further investigated.

The crude reaction mixture containing the desired [IZSI]-Q was separated by
column chromatography. The purification was performed in two runs to ensure
maximal chromatographic yields, since earlier purification attempts with ['*I]-4 had
been more difficult than its non-acetylated counterpart 3. In each run, twenty fractions

each containing approximately 0.5 mL were collected (Figures 12 and 13).



Figure 12. Collection profile for ['*I]-4 (Run 1).
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Figure 13. Collection profile for ['*I]-4 (Run 2).
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In Run 1, Fractions 9-11 were combined and evaporated and the resulting TLC
determination indicated that the radiochemical purity of ['®1)-4 was >98%. After
adjustments for counting efficiency, the amount of radioactivity contained in ['**1]-4 in
Run 1 was estimated to be 129 uCi.

In Run 2, Fractions 12-17 were combined and evaporated and the resulting
TLC determination showed that the radiochemical purity of ['®1]-4 was >97%. The

amount of radioactivity contained in ['*’I]-4 in Run 2 was found to be 117 pnCi. The

total estimated radioactivity was about 246 uCi.
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The two purified products were combined and the radiochemical purity of the

resultant mixture was assessed by TLC. The final radiochemical purity of ['ZSI]-Q was
determined to be about 97% (Table 13) and the total amount of radioactivity was 229
HCi. Its specific activity was estimated to be 2.2 GBg/mmol.

Table 13. Radiochemical purity determination for {'2°I]-4.

Fraction Counts (dpm) Counts- % Total
Background
(dpm)
S 214411 214354 96.75%
s 7249 7192 3.25%
Total 221546 100.00%
Background 57

Note: Fraction S : Fraction containing ['311-5
Fraction S’: The rest of TLC fractions

4.2.3. Biodistribution and elimination.

Table 14 shows the in vivo biodistribution of ['2511-_4 at two time intervals in
normal Balb/c mice. The specific activity of the injected compound was 2.1-2.2
GBg/mmol. Each animal received an intravenous bolus injection of 10-13 kBq
containing 2-3 ug of ['25[]-5. The data are presented as percent injected dose per gram

of tissue and as tissue-to-blood ratios of '*° activity.
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Table 14. Biodistribution of ['**I]-4 following i.v. administration in Balb/c mice
at two time intervals.
Time (Hours)

Tissue 0.25 4
Blood 4.50+1.99 0.32+0.13
Heart 3.14+1.02 0.15+£0.05
0.74 +0.09 0.48+0.08
Lungs 3.85+1.34 0.24:0.11
0.89 +0.09 0.76 +0.06
Liver 3.99+1.09 0.23+0.11
0.96+0.18 0.67+0.14
Spleen 2.75+0.89 0.19:+0.09
0.64+0.08 0.60+0.13
Kidney 7.40+2.25 0.26+0.11
1.75+0.33 0.80+0.07
Stomach 3.07+0.65 1.59+0.60
0.79+0.30 5.09+0.65
Small Intestine 3.84+1.04 0.40+0.19
0.96+0.32 1.24+0.18
Muscle 2.50+£0.64 0.17+0.09
0.61+0.12 0.50+0.11
Skin 2.64+0.86 0.28+0.12
0.61+0.10 0.87+0.08
Bone 1.73+0.76 0.18+0.11
0.42+0.15 0.56+0.22
Brain 2.77+0.86 0.05+0.02
0.66+0.10 0.16+0.03
Carcass 2.50+0.76 0.31+0.13
0.59+0.08 0.97+0.15

The numbers represent the mean=standard deviation for percent of injected dose per

gram of wet tissue for 5 animals (4 h) and 4 animals (15 min).
The numbers in bold italics represent tissue-to-blood ratios.
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Table 14 reveals a rapid early distribution of ['ZSI]-Q throughout the body with

brain radioactivity comparable to the rest of the organs, especially muscle, stomach
and spleen. At 0.25 h post injection, brain radioactivity, in terms of percent injected
dose per gram, was about 2.77 which was almost three times higher than that obtained
in ['5I]-§ (t = 3.59, p = 0.0370). The two-sample t-test was used to analyze the
biodistribution data, and a sample calculation of a t-test is given in Appendix 2. The
brain-to-blood ratio at this early time interval was 0.66 and its difference from ['251]-§
was statistically significant (r = 6.05, p = 0.0090). At 4 h post injection, brain
radioactivity data for ['*°I]-4 was 0.05% injected dose per gram with a brain-to-blood
ratio of 0.16. Furthermore, at 4 h no real differences could be inferred on brain
radioactivity between ['ZSI]-Q and ['251]-41 in both dose per gram values (r = 2.49,p =
0.067) and brain-to-blood ratios (r = 2.21, p = 0.0695). These observations suggested
that the brain-to-blood ratios in ['251]-5 were also insufficient to effect brain tissue
imaging.

There was little evidence to support that differences in thyroid radioactivity in
['25[]-_.} and ['2511-4_{ were significant. Table 15 shows that at 0.25 h, thyroid
radioactivity (dose per organ) for both compounds were similar in magnitude (r = -
1.16, p = 0.298); in terms of percent whole-body radioactivity, a similar inference
could be made (¢ = 0.44, p = 0.678). Thyroid radioactivity reached a maximum of only
11.7% of the total body radioactivity at 4 h, compared to 30% in ['**I]-3 (r = 3.19, p =
0.033). In ['*I]-4, strong evidence for in vivo deiodination was also observed in

percent whole-body radioactivity of thyroid at 0.25 and 4 h (Table 15).
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Table 15. Thyroid radioactivity as percent injected dose of ['*°I]-4 per organ in
normal mice (n=4).

Time (Hours) | Percent injected Thyroid radioactivity
dose per organ as percentage of whole-body
radioactivity
0.25 0.35%+0.08 0.66+0.24
4 0.67+0.02 11.69+4.20

At 0.25 h post injection, radioactivity in all organs (dose per gram values),
were generally higher in the studies with [IZSI]-Q than in ['2SI]-§. This reflected the
higher lipophilicity of ['**I]-4 where the two acetyl groups would likely to enable the
sugar analog to more efficiently diffuse across cell membranes. At 4 h, the dose per
gram values of these organs were, however, very similar in magnitude to those in
['ZSI]-Q. For both sugars, less than 0.4% of the injected dose remained in the blood
after 4 h. In both cases, the stomach-to-blood ratios were between 5.1-5.3 (r = -0.23, p
= 0.827), providing the physiological evidence for *“free” radioiodide and hence in vivo
deiodination. Early hepatic and renal tissue-to-blood ratios were also similar in
magnitude for both sugars and may suggest the role of hepatobiliary and renal
clearance respectively (liver: ¢+ = 1.96, p = 0.122; kidney: t = 0.045, p = 0.966).
Despite making the sugar more lipophilic through the acetylation of the
arabinofuranosyl hydroxyl groups on ['ZSI]-Q, renal excretion did not appear to be
significantly delayed, nor was the brain radioactivity sufficiently increased or trapped.
Similar experiments using a more lipophilic derivative have been reported with IAZR
(44). In their study, Jette er al.'>® suggested that the ineffective attempts to delay renal

clearance of ["*'IJIAZR (44) by acetylation was probably due to the high levels of
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esterase (acetylase) activity in blood. This high level of esterase activity in blood

could possibly account for similar results obtained with {'*’I]-4 in this mouse model.

Table 16. Whole-body elimination and blood clearance data for ['*°1]-4.

Time post injection (hours) | Percent body dose  Percent blood dose

0.25 59.09+19.80% 5.96 + 2.65%
37.97% 1.37%* 5.14 +£0.24%

4 633+ 2.24% 042+ 0.17%
5.13 £ 1.04% 0.26 +£0.06%

*The numbers in bold italics represent the corresponding values for ['°I ]-3.

Based on the percent body dose and percent blood dose data at 0.25 h, there
was no strong statistical evidence to suggest that ['*°I]-4 was cleared more slowly than
['**I-3 (body dose: r = -1.84, p = 0.163; blood dose: t = -0.533, p = 0.63). At 4 h,
these values for the sugars were also comparable (body dose: t = -0.94, p = 0.38; blood
dose: 1 = -1.76, p = 0.139). Presumably the high esterase activity in blood efficiently
deacetylated ['*°I]-4 and regenerated the more polar ['2511-_3. in an anomerically pure
form.

These biodistribution data provided no evidence to suggest any brain uptake of
radioactivity for ['*°[]-4; its low brain-to-blood ratios and generally high background
in various organs would render practical brain tissue imaging very difficult.

4.2.4. Stability

The radiochemical stability of ['*I]-4 in saline was very poor. A summary of
tests performed on samples of ['*I]-4 in saline, 10% DMSO in saline, and 20% EtOH
in saline is shown in Table 17. In saline, the radiochemical purity of ['*I]-4 ranged

from 62 to 86% which was not acceptable for biodistribution studies. Since ['*I]-4
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contains two acetyl groups which make it more lipophilic, solubility and radiochemical

stability in saline were expected to be lower.

A saline solution containing small

amounts of an organic solvent could be an alternative to overcome this solubility

problem.

Indeed, by adding 10% (v/v) dimethyl sulfoxide (DMSQO) in saline, the

radiochemical stability increased to about 80% (Table 17).

Table 17. Radiochemical stability of ['**I]-4 in saline, 10% DMSO in saline and
20% EtOH in saline.

Trial | Storage conditions Radiochemical % radioiodide % major
purity (%) of{'*1]- decomposition
4 product

| 4°C, 18-24 h, 85.8 7.1 7.1
10 min sonication,
saline

2 10 min sonication, 79.2 5.4 5.9
saline

3 4°C. 2 days, saline 62.1 13.4 12.4

4 10% DMSO in 81.4 4.6 6.2
saline, 10 min
sonication

5 209% EtOH in 95.2 4.1 0.1
saline, 10 min
sonication,

6 sample from S, 88.2 8.8 20
stored at 4°C for [
week

7 sample from 5, 87.5 7.9 3.0

stored at 4°C
for S months
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To further increase the radiochemical stability of ['*°I]-4, 20% ethanol (v/v)

was added to saline. Twenty percent is the maximum limit of ethanol that can be
added in saline with no major physiological effect to the animal following injection.
Greater than 95% radiochemical purity was obtained if the resulting saline/ethanol
solution was immediately used for animal injection (Table 17). When the solution was
stored at 4 °C for 1 week or up to 5 months, the radiochemical purity determined
thereafter was around 88%, which was still higher than that in 10% DMSO in saline,
or in plain saline. These observations confirmed that 20% EtOH in saline was a

suitable solution medium for animal injection.



4.3. 1-(5-Deoxy-5-iodo-a-D-arabinofuranosyl)-2-aminoimidazole (lodoamino- >
imidazole arabinoside: IAIA (5))
4.3.1. Chemistry
The title 2-aminoimidazole nucleoside § was synthesized by two methods. The
first method involved the chemical reduction of AZA (7) with hydrogen in the
presence of palladium-carbon to give AIA (6) in 88% yield. Subsequent iodination

with iodine-triphenylphosphine-pyridine afforded § in 40% yield (Scheme 17).

Scheme 17. Chemical synthesis of IAIA (5) from AZA (7).

° Hy/Pd-C o ! 0
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OH || \lr OH “ Y OH “ T
N N N
1 6 s

The second synthetic method started from commercially available D-(-)-
arabinose (61) and proceeded in numerous steps to the final desired nucleoside IAIA
(8) . The glycosylation reaction and the problems associated with it were studied in
detail (see section 4.4). Scheme 18 shows the preferred route for the synthesis of 5.

The preparation of methyl 2,3,5-tri-O-benzoyl-o-D-arabinofuranoside (63) was
performed according to standard procedures'>’'*15 The crystalline 63 was isolated
in 54% yield from 61. The sugar bromide 64 was prepared by the HBr/HOAc method

197:214215 'H NMR showed that crystalline

according to the same published procedures
64 was pure and stable for months at -20°C. After a series of trial reactions, the best

protecting group on 2-aminoimidazole sulfate (65) for glycosylation was found to be

the trifluoroacetyl group.
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Scheme 18. Chemical synthesis of IAIA (5) from D-(-)-arabinose (61).

HQ O ucnm:ou OCH;
HO BzCl
OH Room temp py HM
OH

62, not isolated

Bz
OCH;
OBz
63 (54%)
HBr/HOAC,
work-up
[
N
/k BZ O
’l“ NHy 120,50, —BN [l /Ik B2
H CF;COOCOCF;| N NHCOCF;| +
ll{ Br
65 66 (60%) OBz
64 (43%)
CHy | K,CO,
CH,CN 15 h, room temp
o Bz 0]
NHy/M:OH B2
4C,20h
N\I/“"COC‘3 N._ _NHCOCF,
| I OBz “ \lr
N N
88 (2%) 67 (%)
30 min NH}/H;O
reflux
L/PPh;

N NH,  Pridine N NH,
[ o [
N N

AlA, 6 (44%) IAIA, 5(65%)



132
Because of the electron-withdrawing fluorine atoms, the trifluoroacetamide is expected

to be more easily cleaved than its acetamide counterpart.

The glycosylation between 64 and 66 was conducted in a mixed solvent system
(CH;3CN:CeHg = 10:3 (v/v)) in the presence of potassium carbonate for 15 h at room
temperature. Potassium carbonate probably functioned as a solid acid acceptor similar
to the role of molecular sieves'’". This base-catalyzed approach eliminated the need
for the highly toxic Lewis acid catalyst, mercuric cyanide. Silylation, the traditional
procedure for base activation, was also found to be unnecessary in this case, although
it is not known whether silylation of 66 would considerably increase the yield of 67.
This approach afforded 67 in 44% yield from 64.

The deprotection reactions involved two separate steps as shown in Scheme 15.
Some difficulties were encountered in the second deprotection reaction and these are
discussed in section 4.4. The first deprotection step with NH3/MeOH was a
straightforward reaction, giving the debenzoylated but still N-protected nucleoside 68
in about 42% yield from 67. This 42% chemical yield was lower than the reported
values for the debenzoylation of “free” 2-aminoimidazole ribofuranoside where the

! The reason for this lower debenzoylation yield

yields were in the range of 60-83%
in 67 is not clear, although the presence of a trifluoroacetyl group on the 2-
aminoimidazole base could influence the course of the debenzoylation reaction.

The second deprotection reaction was more difficult because it involved the

formation of a major side product. This side product had virtually identical '"H NMR

properties (including NOE and NOESY) to 6. Despite the presence of the fluorine
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atoms on the amide, it still required a relatively vigorous reaction condition to cleave

the trifluoroacetamide (Scheme 18). Compound 6 was isolated in 44% yield from 68.

Iodination of 6 afforded 5 in about 40% yield as previously described. The
overall yield of § from D-(-)-arabinose (61) was approximately 2%, although the most
important step, the glycosylation reaction, was achieved in 44% yield.

4.3.2. Radioiodination

Twenty-four radioiodination trials were performed to determine the optimum
radioiodination condition (Table 18). The best radioiodination condition used 0.5-1.0
mg of 5 in 2-propanol (100 pL) at 88°C for 2 h (Scheme 19). The labeling efficiency
obtained for the crude reaction mixture was about 43% as detected by TLC.

Scheme 19. Radioiodination of IAIA (5).
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In the pivalic acid “melt” method, labeling efficiencies were negatively
correlated with reaction temperature in this study. At 85°C, there was a good positive
correlation between reaction time and labeling efficiencies. A further increase on
temperature (110°C) reversed the correlation trend from positive to negative. These
results suggested that the optimum reaction temperature was 85°C, but in this method

a reaction time of 5.5-7.5 h was necessary to achieve labeling efficiencies of over 45%.



134
Table 18. Summary of radioiodination results for IAIA (5) in pivalic acid or 2-
propanol.

Radio- Reaction Reuaction Naf 125y ]I Amount Estimated Labeling
lodination | Medium Temp.(°C)/ (MBg) of S used  Specific Efficiency
Trials Reaction (mg) Activity (%)

Time (h) (MBq/

mmol)

1 pivalic 85/1.5 0.37 0.1 334 27.8
acid
(0.3 mg)

o

pivalic 85/1.5 0.37 0.1 461 384
acid
(3.3 mg)

3 pivalic 85/1.5 0.74 0.1 851 354
acid
(3.0 mg)

4 pivalic 85/3.5 0.74 0.1 976 40.6
acid
(3.0 mg)

5 pivalic 85/5.5 0.74 0.1 1103 45.9
acid
(3.0 mg)

6 pivalic 85/7.5 0.74 0.1 1117 46.5
acid
(3.0 mg)

7 pivalic 85/3.5 0.74 0.1 817 34.0
acid
(5.0 mg)

8 pivalic 95/0.25 0.74 0.1 581 24.2
acid
(3.3 mg)

9 pivalic 95/0.50 0.74 0.1 803 334
acid
(3.3 mg)
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Table 18 (Cont’d). Summary of radioiodination results for [AIA (8 in pivalic
acid or 2-propanol.

Radio- Reaction Reaction Nal 125y ]I Amount Estimated  Labeling
lodination | Medium Temp.(°C) ( MBq) of S used Specific Efficiency
Trials Reaction (mg) Activity (%)
Time (h) (MBq/

mmol)

10 pivalic 95/0.75 0.74 0.1 781 325
acid
(3.3 mg)

I pivalic 95/1.0 0.74 0.1 742 30.9
acid
(3.3 mg)

12 pivalic 95/2.0 0.74 0.1 324 13.5
acid
(5.0 mg)

13 pivalic 110/0.50 0.56 0.1 629 349
acid
(3.3 mg)

14 pivalic 110/0.75 0.56 0.1 258 14.3
acid
(3.3 mg)

15 pivalic 110/1.0 0.74 0.1 300 12.5
acid
(3.3 mg)

16 pivalic 85/3.5 0.56 0.1 451 25.0
acid

(3.3 mg) +

DMEF (100

uL)

17 pivalic 85/3.5 0.56 0.1 575 319
acid

(3.3 mg) +

2-propanol

(100 puL)
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Table 18 (Cont’d). Summary of radioiodination results for IAIA (5) in pivalic
acid or 2-propanol.

Radio- Reaction Reaction Na['®] ]I Amount Estimated Labeling

iodination | Medium Temp.(°C)/ (MBq) of S used  Specific Efficiency

Trials Reaction (mg) Activity (%)

Time (h) (MBq/
mmol)

18 pivalic 85/3.5 7.40 0.1 9851 41.0
acid
(0.1 mg) +
2-propanol
(100 uL)

19 2-propanol 85/3.5 0.74 0.1 1016 423
(100 uL)

20 2-propanol 88/2.0 0.56 0.1 7046 39.1
(100 uL)

21 2-propanol 88/2.0 0.56 0.5 142 394
(100 uL)

22 2-propanol 88/2.0 5.55 0.5 1500* 41.6
(100 uL)

23 2-propanol 88/2.0 6.66 1.0 941* 43.5
(100 uL)

24 2-propanol 88/2.0 9.25 1.0 1288* 429
(100 uL)

*Used in in vivo studies.

The effect of adding a solvent on the pivalic acid “melt” was thus examined.
This solvent exchange method in DMF did not produce a satisfactory labeling
efficiency. Another solvent, 2-propanol, was thus selected and was found to give
acceptable labeling efficiencies. When the amount of pivalic acid was reduced, slight

increases on the radioiodination yields were observed. A shorter reaction time (e.g. 2
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h) did not significantly alter this yield (>40%). Therefore, solvent exchange in 2-

propanol was selected to be the preferred radioiodination method because it required a
shorter reaction time to achieve comparable 40% radioiodination yields observed in
the pivalic acid “melt” method. The labeling efficiency of Trial 23, for example, was
obtained as shown in Figures 14 and 15.

Figure 14. Labeling efficiency for IAIA (5).
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Figure 15. Determination of labeling efficiency of ['**IJIAIA (5) by TLC.
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Figures 14 and 15 show that about 44% of the total radioactivity was found on

Fraction 4 (['*'I]-§). The majority of the radioactivity remained as “free” radioiodide
near the origin of the TLC plate. Some decomposition products were visible in
Fractions 7 and 8 but these fractions had insignificant amounts of radioactivity.

The crude reaction mixture containing ['251]-5_ was purified by several
chromatographic methods: column, preparative TLC, and using Sep-Pak® cartridges.
Fourteen purification trials were performed (Table 19).

Table 19. Purification results for ['*I]IAIA (5).

Purification | Purification Eluting Solvent System  Radiochemical Purity
Trial Method of {'¥1]-5 after
Purification (%)

1 Silica gel column® CHCI3;:MeOH:NH; 90.7
85:15:10

2 Silica gel column® CHCl;:MeOH:NH;, 75.2
85:15:10

3 Silica gel column®  CHCl;:MeOH:Et;N 85.5
85:15:0.3

4 Silica gel column® CHCI3;:MeOH:Et;N 64.1
85:15:0.1

5 Preparative TLC!  CHCl;:MeOH 51.8
85:15 (saturated with
NH3)

6 Preparative TLC®*  CHCI;:MeOH 70.9
85:15 (saturated with
NH3;)

7 Preparative TLC'  CHCl;:MeOH 71.3
85:15 (saturated with
NH3)




Table 19 (Cont’d). Purification results for ['*I]JIAIA (5).

139

Purification | Purification Eluting Solvent System  Radiochemical Purity
Trial Method of ['¥1] -5 after
Purification (%)

8 Sep-Pak®cartridge? 1. H,O 23.6

2. MeOH:H.O

80:20

9 Sep-Pak®cartridge 0.9% NaCl 66.8
10 Sep-Pak®cartridge’  0.9% NaCl 86.6
I Sep-Pak®cartridge’  0.9% NaCl 96.0
12 Sep-Pak®cartridge’ 1. 0.9% NaCl 80.0

2. H,0
13 Sep-Pak®cartridge’  0.9% NaCl 94.7
14 Sep-Pak®cartridge’  0.9% NaCl 94.6

Notes 1o Table 19:

‘Small glass column, 1x35 cm, single collection £10 4-mL fractions
®Pasteur pipette column, single collection *10 2-mL fractions
‘Pasteur pipette column, 20 2-mL fractions 20 2-mL fractions

20x20 cm glass preparative plates
°5x20 cm glass preparative plates
'5.2x15.2 ¢cm plastic-backed preparative TLC plates

Purification by silica gel columns and preparative TLC plates gave un-

acceptable radiochemical purity (< 95%) for animal studies. The most effective

purification method appeared to be the Sep-Pak® (Waters) cartridges. The cartridge

was first preconditioned with S mL of MeOH followed by 5 mL of 0.9% NaCl (saline).

The same saline solution was used as the eluting mobile phase and it was found to be

more efficient than employing water alone. Sep-Pak® thus gave the best purification
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results (>95% radiochemical purity) in this study. The collection profile for Trial 13,

for instance, is shown in Figure 16.

Figure 16. Collection profile for ['*IJIAIA 3.
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Since the labeling efficiency of § was relatively low, the crude reaction mixture
contained substantial amounts of “free” radioiodide, complicating the purification
procedures. Figure 16 shows that the first purified fraction, Fraction |, contained
significant amounts of radioactivity due to “free” radioiodide. Radioiodide was
expected to first elute from the Sep-Pak® cartridge because of the reverse-phase
properties of the cartridge. With its negative charge, radioiodide ion is the most polar
radioactive constituent of the crude reaction mixture and thus is first eluted. Sub-
sequent fractions (Fractions 3-8) contained the ['*I}-§ and a radiochemical purity of
about 95% was obtained (Figure 17). The amount of radioiodide was approximately
3.3% of the total radioactivity. Fraction 3 from the analysis of the purified ['25I]-§
(Figure 17) contained 1.7% of radioactivity which could be residual ['251]-§ due to
“tailing” on TLC plates, or minor amounts of decomposed fragments. The amount of

radioactivity of ['**[}-§ was found to be 95 pCi.
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Figure 17. Radiochemical purity of ['*’I]JIAIA 3.
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4.3.3. Biodistribution and elimination.

Tables 20 and 21 show the in vivo biodistribution of ['*’I)-5 at seven time
intervals in normal and tumor-bearing Balb/c mice, respectively. The specific activity
of the injected compound was 1.2-1.4 GBq/mmol, with the exception in normal mice
during the five time intervals (0.25 h to 4 h) where the specific activity of the injected
compound was 0.4-0.6 GBq/mmol. Each animal received an intravenous bolus
injection of 48-60 kBq containing 15-18 ug of ['2511-5_. In the latter five sets of normal
mice, the activity of the injected compound was 10-11 kBq containing 8-9 pg of ['**I}-
5. The data are presented as percent injected dose per gram of tissue and as tissue-to-

blood ratios of '*I activity.
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Table 21. Biodistribution of [125-1]IAIA following i.v. administration in Balb/c mice bearing EMT-6 tumors at various time intervals.
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Table 20 indicates a rapid early distribution of ['**I]-§ in normal mice with the

brain containing the lowest radioactivity among all the organs. At longer time periods,
between 4 and 24 h, brain radioactivity, in terms of percent injected dose per gram,
remained very low (0.002%) when compared to other organs. These low brain-to-
blood ratios (essentially <0.10 in all time periods) provided no strong evidence to
suggest any metabolic trapping of ['*’I]-5 in the normal mouse brain. Specific
nucleoside and/or amine transporters or a pH-dependent trapping mechanism in
neuronal tissues did not appear to be important in this preliminary study.

At 0.25 h post injection, the kidney, liver, GIT and stomach had the highest
amount of radioactivity. Rapid urinary excretion of ['2SI]-§ seemed evident and this
high concentration of radioactivity persisted in the kidney through the first few hours
and even at 24 h the kidney-to-blood ratio was more than 1.0. The kidney appeared to
play an important role in the excretion of ['ZSI]-§ or its metabolites. The second organ
of highly concentrated radioactivity, the liver, also seemed to be involved in the
metabolism and excretion of ['**[]-5 because of its high dose per gram values at 0.25
h. Liver radioactivity continued to be high even at 24 h at which the liver-to-blood
ratio rose to a remarkably high value of 34, although the corresponding dose per gram
value had fallen from 7.78% at 0.25 h to 0.46% at 24 h. These high liver radioactivity
values at 24 h are very unusual since this is not due to liver processing but due to liver

metabolic trapping.
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Table 22. Thyroid radioactivity as percent injected dose of ['**IJIAIA (8 per
organ in normal and EMT-6 tumor-bearing Balb/c mice (n=3).

Time post injection (h) | Percent injected dose Thyroid radioactivity as
per organ percentage of whole-body
radioactivity
0.25 0.39+0.01° 1.15+0.21
0.6610.46° 0.5310.14
0.50 0.11+0.05 0.4210.26
0.3840.04 1.00140.01
l 0.20+0.09 0.90+0.49
0.3440.08 1.2010.24
2 0.1110.08 0.89+0.88
0.1340.02 0.911+0.25
4 0.29140.18 3.312.5
0.3540.09 2.610.3
8 0.61+0.27 12.110.6
0.1740.18 4.444.9
24 1.04+1.03 27.7£24.5
0.80140.12 45.048.7

* normal Balb/c mice  EMT-6 tumor-bearing Balb/c mice

Besides kidney and liver, the gastrointestinal tract (GIT) also had high
radioactivity at 0.25 h. However, when compared to the liver, its radioactivity was
much jower at 24 h with a dose per gram value of 0.061% and a GIT-to-blood ratio of
4.34. Its radioactivity could predominately be “free” radioiodide.

The persistently high stomach-to-blood ratios were also due to the

accumulation of “free” radioiodide produced by in vivo deiodination™® (Table 22).

Compared to the sugar derivatives at 4 h post injection, the amount of in vivo de-
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iodination in ['ZSI]-§ appeared to be lower (['*]-5 vs. ['ZSI]-Q: t=-3.31, p =0.0453;

['*'I1-5 vs. ['*I]-4: 1 = -2.60, p = 0.0483). Tissue-to-blood ratios of radioactivity for

these and some other representative organs are shown in Figures 18 and 19.

Figure 18. Tissue-to-blood ratios of radioactivity at various time intervals
following i.v. administration of ['*IJIAIA () in normal Balb/c mice.
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Figure 19. Tissue-to-blood ratios of radioactivity at various time intervals
following i.v. administration of ['**I]IAIA (5) in normal Balb/c mice.
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At 24 h, the muscle-to-blood ratio was unusually high. In dose per gram
values, the muscle also retained high radioactivity comparable to the GIT and kidney.
Some metabolic trapping of ['*I]-5§ might also occur in muscle tissues.

The biodistribution data of ['*’I}-5 in EMT-6 tumor-bearing Balb/c mice
(Table 21) indicate once again a rapid early distribution of ['*I]-5 similar to the
normal mice set. At 0.25 h in particular, a statistically significant difference in brain
radioactivity was observed when compared to the normal mice set (dose per gram: t =
4.75, p = 0.0177; brain-to-blood ratio: r = 10.4, p = 0.00189) (Appendix 2). At longer
time periods, between 4 and 24 h, brain radioactivity (dose per gram) remained very
low (0.004%). With the exception of 0.25 h, there is no strong evidence to suggest any

differences in brain radioactivity between the normal mice and the tumor-bearing mice
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(e.g- at 24 h post injection, dose per gram: ¢ = -0.632, p = 0.562; brain-to-blood ratio: ¢

=-0.812, p = 0.462).

Besides the brain, the tumor contained generally lower radioactivity compared
to most of the other organs at 0.25 h. This could be an indication of reduced perfusion
of the tumor tissue which is known to contain a large (up to 33%) proportion of

219

hypoxic, poorly-perfused cells™. Tumor radioactivity stayed fairly unchanged from
0.25 h to 1 h, followed by an apparent downward jump at 2 h. The reason for this
sudden decrease in tumor radioactivity was not known, although the tumor-to-blood
ratio at this time period stayed at around 1.60. At 4 h, tumor radioactivity in percent
injected dose per gram rebounded to 0.83% and was higher than in other tissues with
the exception of the GIT, liver, and stomach. This time interval gave the highest
tumor-to-blood ratio of 4.3. This higher tumor radioactivity could be due to slower
clearance of radioactivity from the tumor tissue, suggesting some mechanisms of
metabolic trapping were present. However, this tumor uptake of radioactivity was
relatively short-lived and fell rapidly; at 8 h, the dose per gram value had dropped
from a high of 0.83% to 0.10%, an almost eight-fold decrease within four hours.
Within the same four-hour period, blood radioactivity was reduced from about 0.20%
to 0.05%, a fourfold decrease. Between 8 and 24 h tumor radioactivity dropped
another tenfold while a fivefold decrease was observed for blood radioactivity. At 24
h blood and tumor radioactivity were comparable (0.011% and 0.015%, respectively)

with a tumor-to-blood ratio of about 1.40. These results suggest that the crucial time

interval for tumor uptake of radioactivity is between 2 and 4 h post injection in mice.
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Thyroid radioactivity showed a very similar trend when compared to the nor-

mal mice data. Although the numbers were quite different, no strong evidence exists
to show that the differences were statistically significant. For example, at 24 h (Table
22), real differences between the dose per organ (r = 0.397, p = 0.730) and percent
whole-body radioactivity (r = -1.15, p = 0.333) of the thyroid could not be inferred.

At 4 h, tissue-to-blood ratios for the liver, GIT and stomach were higher than
that in tumor. In terms of percent dose per gram values, the liver retained the highest
amount of radioactivity (1.1%) at this time interval. The stomach and the GIT, with
their values of 0.9% and 0.86%, respectively, closely followed the liver. These three
organs were the only ones which contained higher radioactivity than the tumor at the
time interval when the tumor-to-blood ratio was the highest. When compared to the
normal mice no real differences could be inferred in these three organs (e.g. in liver,
dose per gram: ¢t = 1.84, p = 0.208; liver-to-blood: r = 4.78, p = 0.0410). Attempts to
image the tumor at this time interval would be considerably hindered by the high
background radioactivity in these organs. The generally high background radio-
activity of the carcass would further complicate the imaging problem.

At 24 h, all tissue-to-blood ratios remained greater than 1.0 with the exception
of the heart, spleen and brain. The liver-to-blood ratio was unusually high with a
magnitude of 30, representing 0.32% injected dose per gram (when compared to nor-
mal mice, dose per gram: t = 2.65, p = 0.0767; liver-to-blood ratio: r = 0.939, p =
0.401). The ratios for the stomach and GIT were also high and in the range of 3.3-3.5.

Muscle radioactivity for both sets of mice at this time interval appeared to be the same
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(dose per gram: r = 0.0364, p = 0.974; muscle-to-blood ratio: r = -1.02, p = 0.414).

Tissue-to-blood ratios for these selected organs are shown in Figures 20 and 21.

Figure 20. Tissue-to-blood ratios of radioactivity at various time intervals
following i.v. administration of ['**I]IAIA (5) in tumor-bearing Balb/c mice.
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Figure 21. Tissue-to-blood ratios of radioactivity at various time intervals
following i.v. administration of ['*I]IAIA (8) in tumor-bearing Balb/c mice.
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The whole-body and blood clearance data for both sets of mice are shown in
Figures 22 and 23. Whole-body clearance data indicate that at 0.25 h, more than 65%
and 45% of radioactivity were cleared from whole body in normal and tumor-bearing
mice, respectively. There is fairly good evidence to suggest that this difference in
radioactivity elimination was valid (r = -4.89, p = 0.0393), although the p-value is not
small enough to suggest absolute differences at the 0.01 significance level. In all
other time periods, no significant differences in whole-body clearance were observed
between these two mice sets (e.g. at 4 h, r = -1.92, p = 0.194). Greater than 97% of

injected radioactivity was eliminated within 24 h in both sets of mice.
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Figure 22. Whole-body clearance of radioactivity following i.v. administration of
["*IIAIA (8) in normal and tumor-bearing Balb/c mice.
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The blood clearance data for both normal and tumor-bearing mice are shown in
Figure 23. Once again, there is strong evidence to suggest statistically significant
differences existed between the two sets of data at 0.25 h (1 = -8.42, p = 0.00352).
More than 98% of blood radioactivity was eliminated within the first 15 min. In other
time periods, no significant differences were observed (e.g. at 8 h, ¢ = 1.40, p = 0.296)
between the two mice sets. Greater than 99.98% of the injected radioactivity was

eliminated from blood within 24 h.
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Figure 23. Blood clearance of radioactivity following i.v. administration of
[usl]IAlA (5) in normal and tumor-bearing Balb/c mice.
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On the basis of these results, it appears that ['*I]IAIA (5) is trapped in EMT-6
tumors. The nature of this trapping mechanism is not known nor was it investigated,
although the 2-aminoimidazole base might be back-oxidized"*”'*® to reactive
intermediates (hydroxylamine or nitroso) and underwent analogous macromolecular
binding as in 2-nitroimidazole nucleosides, or ['*I]-5 could undergo a pH trapping
mechanism during which the amino group is protonated at the slightly lower pH in
tumors'*. No radioactivity, however, was trapped in the brain. Despite this favorable
result in tumors (tumor-to-blood ratio 4.34) § may not be an ideal agent for non-
invasive diagnosis of hypoxic cells in tumors (especially those present in the

abdomen), due to the elevated liver radioactivity up to 24 h. No time period was
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found to be suitable for an imaging study, as the liver-to-blood ratio was higher than

tumor-to-blood ratio, and most organs showed persistently high ratios throughout the
24 h period. The high liver radioactivity values suggested some metabolic trapping in
this organ, and further studies would be required to determine the nature of this
metabolic trapping.

4.3.4. Stability

The chemical and radiochemical stability of § were briefly assessed. It showed
good chemical stability when stored in frozen water under argon at -20°C. 'H and '*C
NMR spectra showed that the compound was still intact after storage for one year.

Table 23. Chemical and radiochemical stability assessment for 5.

Compound Storage condition Storage time  (Radio)chemical
purity
[AIA (5) Frozen water, argon, I year S was found to be
-20°C structurally intact by
'H and *C NMR
['*IIIAIA (['*1]-5) | Frozen saline, argon, 3 days 94.5%
-20°C
['*IIAIA (['2SI]-§) Frozen saline, argon, 2 weeks 90.6%
-20°C
['"*IIAIA (('*1]-5) | Saline, argon, I week 85.2%
4°C
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Its radiochemical stability in saline, however, was lower. The radiochemical

purity of ['251]-5 in saline at 4°C was assessed one week after its preparation and it had
decreased from 95% to 85%. When the storage medium was in frozen saline, its
radiochemical stability was found to be improved (Table 23). Compared to ['ZSI]-Q

and ['*°1)-4, ['**1]-5 appeared to be less radiochemically stable.
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4.4. Chemistry of glycosylation reactions between arabinofuranoesyl sugars and
N°- protected 2-aminoimidazoles

4.4.1. Studies on the glycosylation reaction
Ten glycosylation trials were conducted between 2,3,5-tri-O-benzoyl-a-D-
arabinofuranosyl bromide (64) and N*-protected 2-aminoimidazoles (66 or 69) with

various conditions (Table 24). In this study, three problems were encountered.

BzO 0. N
BzO ” )k

OBz H

66 (R = COCF3)
69 (R = COCH3)

Protection of the exocyclic N*-amino group. It was necessary to protect the
reactive primary amino group on the exocyclic N-nitrogen. Otherwise it would
compete with the N'- and N-nitrogens in the imidazole ring and lead to glycosylation
of the exocyclic amine. Such glycosylations have been observed in stannic chloride-
catalyzed ribosylation with silylated 2-aminoimidazole which gave predominately the

N*-nucleoside (70",

Bz 0] HN |

OBz 0Bz
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Table 24. Glycosylation trials between Nz-protected 2-aminoimidazoles (66 or 69)
with 2,3,5-tri-O-benzoyl-o-D-arabinofuranosyl bromide (64).

Glyco- | N’-protected  Silylation/ Solvent Reaction Glyco- %
sylation | 2-amino- Hg(CN),/ condition sylation  yield
trials imidazole(R= K,COj; product
imidazole) obtained
1* RNHCOCH; Yes/Yes/ CH;CN Reflux (82°C), Not -
No 12h observed
2% RNHCOCH; No/Yes/ CH;CN 25°C, 3.5days; Yes, 71 15
No 55°C, 24 h;
Reflux (82°C),
3h
3A RNHCOCH; No/Yes/ CH;CN 25°C, 60 h; Yes, 71 22
No Reflux (82°C),
3h
3B RNHCOCH; No/No/ CH;CN 25°C, 60h; Yes,71 26
Yes Reflux (82°C),
3h
4 RNHCOCH; No/No/ CH;CN 25°C,20h Yes, 71 17
Yes
S RNHCOCF;  No/No/ CH;CN 25°C,2h Yes, 67 25
Yes
6 RNHCOCF;  No/No/ CsHy  25°C,15h Yes, 67 44
Yes CH;CN
7 RNHCOCF;  No/No/ CH:.Cl» 25°C, 105 Yes, 67 12
No days
8 RNHCOCF;  No/No/ CH.Cl, 25°C,3.5days Yes, 67 23
No
9 RNH, e V2 Yes/Yes/ CsHe Reflux (80°C), Not -
H,SO4 No 12h observed

*The sugar bromide 64 was prepared by the HBr/CH,Cl, method in an anomeric
mixture.
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BzO 0]

71 (R=H)
67 (R=F)

To prevent the formation of N>-nucleosides such as 70, it is desirable to reduce
the reactivity of the exocyclic primary amino group by introducing an electron-
withdrawing substituent. Obviously an enormous number of nitrogen protective
groups can be used. In this study, the acetyl and trifluoroacetyl groups were selected.
The acetyl group is a relatively small substituent and thus could minimize steric
effects during glycosylation. On the other hand, its cleavage might be more difficult
because of the lack of a strong electron-withdrawing substituent. With the
trifluoroacetyl group the fluorine atoms do not significantly contribute to steric effects
while their electronic effects could facilitate subsequent amide cleavage. The 2-
aminoimidazole derivatives containing acetyl and trifluoroacetyl groups were
successfully prepared in good yields.

The sugar bromide suffered decomposition. The chemical stability of the sugar
bromide 64 was initially of some concern because during the early glycosylation trials,
it was observed that the modified method of sugar bromide preparation using
HBr/CH,Cl, (Kumar, unpublished results) gave a highly colored foam and unstable
compound (TLC). Although this anomeric sugar bromide mixture could be directly
used for subsequent glycosylation, it was desirable to obtain pure crystalline sugar

bromide. The preparation of 64 was repeated according to published proce-
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137214215 and anomerically pure crystalline 64 was obtained in about 40% yield.

dures
Its structure was characterized 'H and '>*C NMR and its melting point was identical to

*'*_ When stored at -20°C under argon, 64 was observed to be

that reported in literature
stable for months as shown by '"H NMR.

The chemical stability of 64 was also assessed in different solvents. In aceto-
nitrile, the common solvent for glycosylation, 'H NMR showed that the chemical
structure of 64 had altered in three separate determination trials after | h, 2 h or 15 h
standing time, respectively (Seki, Ohkura and Lee, unpublished results). A new
compound was observed and although its identity was not investigated, acetonitrile
could react with 64 at the anomeric center to give a sugar nitrile with the concomitant
production of CH3Br. In other non-participating solvents such as benzene and
dichloromethane, 'H NMR showed no changes in 64 after standing in these solvents
for I h, 2 h or 15 h. Based on these observations, low glycosylation yields in this
study could be due to the chemical decomposition of 64 in acetonitrile. Further
evidence came from the observation in the similarity of the '"H NMR spectra between
the decomposed 64 and isolated side products from most glycosylation trials with
acetonitrile as solvent.

Stereospecificity of the glycosylation reaction. The optimum reaction
conditions for successful glycosylation were explored. Originally the goal was to
synthesize the B C,'-C,’ trans nucleoside because IAZA (1A) had been reported as the
B C/’-C,' trans nucleoside (see section 4.5). Efforts to synthesize this stereo-specific

nucleoside using the benzoyl protecting groups on the sugar moiety were, as expected,

unsuccessful. Only the o anomer (confirmed by NOE and NOESY) was synthesized
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in satisfactory yields. The effects of silylation, mercury catalysts, and solvent were

examined and these were found to produce exclusively the o anomer in this study.
Silylation

The effect of silylation was examined in Trials 1 and 9 (Table 24). In this
study, silylation of 2-aminoimidazole (free or protected) did not produce the
glycosylation product. The use of trimethylsilyl groups to activate heterocyclic bases
for condensation with glycosy! halides was reported by Nishimura et al.>* to provide a
new synthesis of purine and pyrimidine nucleosides. Trimethylsilyl derivatives of 2-

9 . . . .
3! and 2-aminoimidazole bases'®' have also been reported. Since

nitroimidazole bases
the 2-aminoimidazole base contains an exocyclic electron-donating group, base
activation by silylation may not be necessary. In both reaction trials, a complex
mixture of products were observed and their 'H NMR spectra did not suggest any
glycosylation products. In this study, silylation was not necessary to obtain 71 or 67,
although it is not known whether silylation of Trial 6, for example, would further
increase the yields.
Mercury salt catalysts

Mercury salts such as mercuric bromide (HgBr;) or mercuric cyanide
(Hg(CN),) are known to function as activators in both nucleoside and oligosaccharide

232

syntheses™". During glycosylation, mercury is believed to form a complex with one or

more nitrogen atoms on the nucleobase and glycosyl halides are attracted to the

33 The effect of mercury salts in the

nitrogen atoms that bear the mercury groups
present glycosylation study appeared to be not substantial. In Trials 3A and 3B,

comparable yields and same stereospecificity were obtained with or without the
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presence of Hg(CN),. In subsequent glycosylation trials (4-8), 71 and 67 were

obtained in useful yields without the mercury catalyst. Besides acting as base
activators, mercury salts also function as acid acceptors similar to the role of molecular

. 22
Sieves 171.22

°. The use of potassium carbonate (K>COs3) appeared to replace the highly
toxic mercury salt as a solid acid acceptor (Trials 4-6 in this study) with reasonable
yields of the glycosylation products.
Solvent

Acetonitrile is a common solvent for glycosylation but its possible role in the
observed decomposition of the sugar bromide 64 suggested that it could be a
participating solvent. In fact, acetonitrile is known to help direct the stereospecific
synthesis of a trans glycosylation product®. If this were true, it would explain the
observed formation of 71 and 67 in this study (Trials 2-6). In a polar solvent such as
acetonitrile, dissociation of the bromide (or other halides) from the sugar is more
favored and thus the positive charge on the orthoester intermediate 53 is more
stabilized. In a less polar solvent such as dichloromethane, however, this dissociation
is expected to be less favored, resulting in the formation of a tight ion pair’> which
could hinder the attack by the nucleobase on the bottom (‘o) side. The cis nucleoside
can be predominately formed in this special violation of the trans rule. However, this
solvent effect appears to be in a delicate balance with the directing effect of the 2’
participating group on the sugar. For example, in Trials 7 and 8, dichloromethane did

not appear to change the stereospecificity of the glycosylation reactions (‘H NMR),

even though it is not a participating solvent.
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An interesting side product was observed in glycosylation trials 3-6. This

compound was identified to be the benzoylated N'.N’-bis(arabinofuranosyl)2-
acetamidoimidazole (72) or its trifluoroacetamido counterpart (73) depending on the

starting 2-aminoimidazole derivative.

H H OBz

12 (R'=H)
13 (R'=F)

There was a literature precedent for the formation of a “bis” glycosylation

product. Pedersen et al.***

isolated analogous “bis” compounds (a. configuration) in
the glycosylation reactions between silylated 6-substituted uracils with methyl 2,3,5-
tri-O-benzoyl-a-D-arabinofuranoside (63) in the presence of TMS triflate in
acetonitrile at room temperature for 5 days. In their study, the yields of the “bis”
compounds exceeded those of the desired a nucleoside to such an extent that in one
case the yield of the “bis” compound was 81% and that of the a nucleoside was only
1.5%. In the present study, the yield of 72 was about 16-19% and that of 73 was 7%
while the desired glycosylation products were obtained in 22-26% and 44%,

respectively (Table 24). In contrast to literature precedents, 72 and 73 were not the

major products.
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The structures assigned to 72 and 73 were supported by their 'H NMR data.

The imidazole signals converged to a singlet due to the symmetrical nature of each
molecule. The integration patterns on the '"H NMR spectra also revealed a 1:1 ratio
between the two imidazole protons and C,’ protons on the sugar, implying that there
were two C,’ protons present. These 2 C,’ protons showed downfield shifts*** up to
0.24 ppm for 72 and 0.28 ppm for 73 relative to their monoglycosylated counterparts.
The slight downfield shifts were probably due to the electron-withdrawing effects of
the conjugated exocyclic amides, especially in 73 which contains the trifluoro-
acetamide. Unambiguous identification of these “bis” compounds came from low
resolution Fast atom bombardment (FAB) mass spectra where the M+H" peaks were
1014 and 1068 for 72 and 73, respectively. The mechanism of their formation was not
determined, although .potassium carbonate and acetonitrile could play a role.
Acetonitrile was also the glycosylation solvent used by Pedersen er a/**".

In summary, these glycosylation trials suggested that the optimum glycosy-
lation reaction was Trial 6 where the desired o nucleoside was isolated in 44% yield.

4.4.2. Studies on the deprotection reactions.

Seven deprotection reaction trials were performed on selected glycosylation
products (Table 25). The deprotection reactions included debenzoylation with
NH3/MeOH on the sugar moiety and subsequent amide cleavage on the nucleobase
under basic conditions. In the first three reactions the intermediates 74 or 68 were
isolated prior to further amide cleavage reaction. In the remaining reactions, these

intermediates were not isolated.



Table 25. Deprotection reactions of selected glycosylation products.

De- Selected De- Yo Amide AlA (6)
protection | glycosvlated benzoylation  yield cleavage &
reaction product Conditions of condition e vield
(Trial) and base amide
derivative
I 2°, RNHCOCH; NH;MeOH 74, Et.NH/CH;CN, Not
4°C, 15h 74%  reflux,S5h observed
2 3A, NH;/MeOH 74, EtOH/KOH/ Yes,
RNHCOCH; 4°C,22h 73%  H,0,reflux,3h  50%
3 5, RNHCOCEF; NH;/MeOH 68, Not performed -
25°C, 15 h 42%
4A 6, RNHCOCF; NHi:/MeOH ND 1. NHi/MeOH, Not
25°C, 20 h 25°C, 4 days  observed
2. NH3:/MeOH, (side
reflux, | h product
3. NH;/H-0, formed)
reflux,
30 min
4B 6, RNHCOCF; NHy/MeOH ND I. NHy/MeOH, Not
25°C, 20 h reflux, | h observed
2. NHiy/H-O,
reflux,
30 min
5 6, RNHCOCF; NH3;/MeOH ND NH3/H-»O0, Yes,
25°C, 18 h reflux, 30 min ~ 44%
(side
product
formed)
6 4, RNHCOCH; NH3i/MeOH ND EtOH/KOH, Not
25°C, 21 h reflux, 3 h observed

ND = Not Determined (and not isolated).
*Trials for glycosylation from Table 24.
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The debenzoylation reactions with NHy/MeOH (at 4 or 25°C) were carried out

1.157.191

according to published procedures and were generally successful (Trials 1-3).

HO o HO o
HQ HO
NHCOCR
OH N 3 N NH,
|| [ OH [I T
N N
74 (R=H) 6
68 (R=F)

The cleavage of the amides proved to be more difficult than the de-
benzoylation reactions. The acetamide 74 was cleaved in refluxing ethanol and
aqueous base to give 50% of AIA (6). Although methanolic ammonia (25°C, 4 days)
was not able to cleave the trifluoroacetamide 68, reflux in 29% ammonia water for 30
min afforded 6 in 44% yields. Cleavage of the trifluoroacetamide required less
vigorous reaction conditions to be cleaved as expected. In Trial S, in particular, a side
product was observed after work-up and purification by reverse-phase HPLC. This
side product had similar '"H NMR data and mass fragmentation patterns to 6 but eluted
faster in reverse-phase HPLC. Table 26 provides a comparison of '"H NMR and mass
data between these two compounds.

The identical molecular weights obtained for both compounds suggested that
they are isomers. In 'H-'H COSY, a cross peak between H,' and Hs' was observed in
the side product but not in 6. In NOE results, a generally lower enhancement was
observed in the side product, suggesting slightly shorter spatial distances among the
protons. This difference in NOE enhancement was particularly noticeable at H,’ when

the imidazole proton Cs-H was irradiated (1.0% in the side product and 12.3% in 6).



166

when the imidazole proton Cs-H was irradiated (1.0% in the side product and 12.3%

in 6).
Table 26. Comparison of 'H NMR and mass data of the unknown side product
and AIA (6).
Unknown side product AlA (6)
'H NMR (D;0):
-Imidazole protons | §6.90 & 6.69 56.83 & 6.56
-H/' 85.52 85.45
-{1'-2' 5.5Hz 6.2 Hz
-'H-'H cosy H>' has cross peaks H-’ has no cross peaks
. with Hs' with Hs'
- H-'HNOESY NOESY cross peaks at: NOESY cross peaks at:

-NOE correlation
results

'H NMR (CD;CN):

-Imidazole protons
-H/

i

-NOE

e Cs-H (imidazole) - Ha'

° HIY-HZI
L4 Hl'-H3'&H4'

56.89 & 6.74

35.61

342 Hz

H/'*: Cs-H (2.5%)**
H> (1.6%)
H; (1.2%)

Cs-H*: Cs-H (4.2%)
H,' (1.3%)
H,' (1.0%)
H, (0.7%)

e Cs-H (imidazole) - Hy'

H|'*Z C5-H (19%)
H, (3.3%)
H; (5.0%)
Hs (1.0%)

C5-H*Z C4-H (56%)
H,' (2.6%)
H)' (12.3%)
Hy (2.5%)

56.76 & 6.48

85.40

5.38Hz

*Irradiated proton in NOE experiments.
**NOE intensity enhancement.
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Table 26 (Cont’d). Comparison of "TH NMR and mass data of the unknown side
product and AIA (6).

Unknown side product AIA (6)
LR FAB MS: (M+H") 216 (100) (M+H") 216 (69.24)
207 (17.46) 207 (9.96)
185 (47.53) 185 (79.85)
115 (41.72) 115 (18.76)
93 (67.87) 93 (100)
84 (37.59) 84 (21.84)
75 (18.95) 75 (25.51)
57 (15.68) 57 (19.62)
HR FAB MS: Found: 216.0995 Found: 216.0991
Calcd: 216.0984 Calcd: 216.0984
(CsH,40sN3) (CgH 404N3)
Reverse-phase HPLC retention 8.48 - 9.56 min 11.02 - 12.09 min
time (H,0, 0.6 mL/min):

H
H o > NH,
H N~<
HO H \
N
OH H \
75 H

Based on these observations, the proposed structure for this side product is 78,
the arabinopyranose counterpart of 6 (Seki, Ohkura, and Lee, unpublished results).
The pyranose structure of the sugar could explain the difference in NOE results since
the pyranose ring is more flexible and may increase the spatial separation among the
protons. Differences in chemical shifts of H," and J,.» coupling constants also

provided some support for the proposed structure. Furthermore, neither of the 'H
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NMR spectrum of 6 nor 75 changed at elevated temperature (80°C), suggesting the

observed 'H NMR differences at 25°C were not due to intramolecular dymanics such
as hindrance to internal rotation'*® (Seki and Ohkura, unpublished results). Thus 6 and
75 do not have identical chemical structures. Although there is good support for the
proposed structure of 7S, this proof is not absolute and the possibility of a B
counterpart is still not precluded. Further studies are currently in progress (Seki and
Ohkura, unpublished results).

In summary, the glycosylation products 71 and 67 were successfully

deprotected in two steps to afford 6 in about 50% yields.
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4.5. Investigations that led to the conclusion of the chemical structure of -
TAZA (1A)

4.5.1. Initial observation: Studies with AIA (6)

As described in section 4.3.1., AIA (6) was prepared by chemical reduction
from AZA (7) and chemical synthesis from D-(-)-arabinose (61). The 'H NMR
spectra of both compounds were found to be virtually identical (Table 27). This initial
observation raised the question of the anomeric configuration of 6 reduced from 7.
Because of the trans rule of nucleoside synthesis'éo, a C/'- C,' trans (o) nucleoside is
expected from glycosylated 6. To determine the anomeric configuration of
glycosylated 6, 'H-'H COSY (Figure 24), 'H-'H NOESY (Figure 25) and NOE
correlation experiments were performed (Table 27).

Table 27. '"H NMR data comparison between the two AIA (6) nucleosides
synthesized by two different methods.

Glycosylated AIA (6) Reduced AIA (6)
'H NMR (D:0O) [ Imidazole protons Imidazole protons
(C4-H & Cs-H): (C4-H & Cs-H):
66.53 (1.8 Hz) & 86.81 (1.8 Hz) 86.48 (2 Hz) & 6.77 (2 Hz)
H,": 85.43 (J;-» = 6.3 Hz) H,: 85.40 (J;-» =6 Hz)
H,': 84.36 H,': 84.33
H;': 84.08 H;': 84.06
Hy': 64.01 H,': 83.99
Hs': 83.68 & 3.59 Hs'": 83.66 & 3.56
'H-'H COSY H,' X H)' Not performed.
(D:0) Hy X H, & Hy'
H;' X H,' & Hy'
Hy' X Hiy' & Hs'
Hs' X Hy' & Hs'
Cs+-H X Cs-H
Cs-H X C4-H
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Table 27 (Cont'd). '"H NMR data comparison between the two AIA 6)
nucleosides synthesized by two different methods.

Glycosylated AIA (6) Reduced AIA (6)

'H-'HNOESY | H, X Cs-H (imidazole proton)  Not performed.
(D20)

NOE correlation | H;"*: Cs-H (1.9%) Not performed on 6 but
results (D>0) H,' (3.3%) on IAIA 5(CD;OD):
Hs' (5.0%)
Hs' (1.0%) H/*: Cs-H (1.6%)
Cs-H*: C4-H (5.6%) H,' (3.6%)
H,' (2.6%) H;i' (2.0%)
H>' (12.3%)
H.;l (25%) C5-H*Z H[l (24%)
H,' (5.5%)
H,' (1.0%)

Structure shown in 6 (NOE). Structure shown in § (NOE).

'H-'H NOESY (Figure 25) and NOE correlation results both indicated the
spatial interactions between the Ha' proton on the sugar and the Cs-H proton on the
imidazole ring (6(NOE)). These observations strongly suggest an o nucleoside. If it

were 3, strong NOE enhancement signals (12.3%) would be very unlikely.
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Figure 24. 'H-'H COSY spectrum of AIA (6).
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Figure 25. 'H-"H NOESY spectrum of AIA (6).
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Other NOE correlations (Hy' and Cs-H; H,' and Hs') gave additional support for

the o configuration of 6 and was consistent with literature observations'88>>.
Molecular orbital (MO) calculations (PM3 method>®, MOPAC version 94) on 6
predicted that the spatial distances between Cs-H-H,’, Cs-H-H,' and H,'-H;' are 2.073,
3.563, and 3.916 A, respectively (Figure 26) (Seki and Ohkura, unpublished results).
Because an NOE signal falls off with the inverse sixth power of distance, protons must
be within approximately 5 A of each other for an NOE between them to be
observed'®. These predicted spatial distances are well within S A and thus are very
likely to be observed. The corresponding distances for B-AIA (76) were predicted to
be 4.716, 4.468, and 4.126 A, respectively (Figure 27) (Seki and Ohkura, unpublished
results). These larger spatial distances in the B anomer (especially in Cs-H-H,' where
the distance is more than doubled) are not likely to generate a strong NOE signal %%
The dihedral angle ¢ between the C,’-H and C.'-H bonds in 6 was predicted to be
about -110.62° (Figure 28) which corresponds to a theoretical C,’-C,' coupling
constant of about | Hz by the Karplus equation. This theoretical coupling constant is
consistent with the small coupling constant reported for C,'-C,' trans arabinofuranosyl

13731 The higher (6 Hz) coupling constant observed for 6 was also within

nucleosides
the limits of empirical results'®. Tt should be emphasized that these MO calculations
are performed on molecules in isolation and do not take into account any solvent

effects.  Nevertheless, these calculations provide a theoretical framework for

intramolecular distances and dihedral angles.
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Figure 26. MO calculations on AIA (6) of intramolecular distances relevant in
NOE correlation studies (Seki and Ohkura, unpublished results).

Figure 27. MO calculations on B-AIA (76) of intramolecular distances relevant in
NOE correlation studies (Seki and Ohkura, unpublished results).
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Figure 28. MO calculations on AIA (6): dihedral angles and other selected
intramolecular distances (Seki and Ohkura. unpublished resuits).
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If 6 has the a configuration, the logical extension will be the same o con-

figuration of AZA (7) which was used to prepare 6. Chemical reduction and
subsequent iodination are not expected to change the anomeric configuration of the
nucleoside. NOE correlation results of IAIA (§) confirmed this speculation. NOE
enhancements were observed at H,' and Hy' when Cs-H on the imidazole was
irradiated (§ (NOE)).

Based on these NOE observations, if AZA (7) is the o nucleoside, then IAZA
(1A) will also be a. The next piece of evidence to support this claim involved the
previously reported glycosylation methods and '"H NMR data of 7 and 1A.

4.5.2. Literature evidence
'H NMR data

The first indications that the reported B-IAZA (77) could actually be the «

', In that paper, the synthesis

nucleoside came from a publication by Chapman et a
of a-IAZA (1A) itself was reported and it has a small (~ 1.5 Hz) H,'-H,' coupling
constant. The reported 'H NMR data of 1A and other related compounds are shown in
Table 28.

In a paper by Sakaguchi er al.”', the '"H NMR data (in DMSO-dj) for both a-
and B-AZA (7 and 78) were reported. In particular, the coupling constant between H;’
and H,' was also found to be very small (1.5 Hz or less). Furthermore, the H,'-H,’
coupling constants of their benzoylated counterparts were 0.4 Hz and 4.6 Hz for o and

B anomers, respectively. These two papers show that o-AZA (7) has a smaller H,"-H,’

coupling constant than its  counterpart.
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I o N NO, H o N 'No,
HO HO
11 18
Table 28. 'H NMR and melting point data reported in literature.
Literature Chemical shift(é) H,-H,' coupling Melting point (°C)
constant (J;.2)(Hz)

Schneider
et al."™ DMSO-ds:
a-AZA (7): 6.30 147 153-155
a-IAZA (1A): | 6.39 1.48 not reported
Sakaguchi et
al.™ DMSO-ds:
a-AZA (7): 6.29 broad singlet 160
B-AZA (78): 6.60 not reported 172
Mannan
etal' CD;0D:
B-AZA (78): 6.29 1.3 192-193
B-IAZA (717): | 6.52 singlet 122

In Mannan et al.', the synthesis of B-IAZA (77) was reported and the observed

H\'-H:' coupling constants of B-AZA (78) and B-IAZA (77) therein raised further

questions of anomeric configuration. This B-AZA (78) had remarkably similar 'H

NMR characteristics as the a-AZA (7) reported in the previous two papers (Table 28).
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Although the H,-H,' coupling constant cannot always be used for anomeric

assignment of nucleosides, an H;'-H,' coupling constant of about | Hz is often
indicative of a C,’-C,’ trans () nucleoside (see section 2.3.2.1.). Therefore, the small
H,'-H>' coupling constant reported for 77 could actually belong to that of the a
counterpart in accordance with previous published results'*’>".

The ribose examples also gave some support for the above '"H NMR data. It is
true that a- and B-AZA (7 and 78) are not equivalent to their ribose counterparts (79
and 80, respectively), but arabino o and ribo B nucleosides are both considered to be
C,'-C,' trans because the configuration around C,’ and C>’ would be identical'®'. Their

anomeric protons should have virtually identical chemical shifts. The 'H NMR data

(in DMSO-ds) of 79 and 80 were reported by Prisbe er al'®".

L L

HO o N 'No, HO 0
OH OH OH onl o,
79 80 || \l(
N
56.21 (Hl’, J['-Z' =1 HZ) 66.52 (Hl,, Jl'-Z' =4.5 HZ)

Comparison of these 'H NMR data revealed that 79 (C,’-C,’ trans nucleoside)
had very similar chemical shifts and H,'-H>’ coupling constants as 7 (also a C,’-C,’
trans nucleoside). The same inference was reached with the C,’-C5’ cis nucleosides 80
and B-AZA 78). Although speculations on the H,'-H,' coupling constant in ribosyl

nucleosides cannot always be extended to their arabinofuranosyl counterparts, a small
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value was indeed reported in 79. Therefore, the ribose examples gave further support

that a C,"-C;' trans nucleoside has a smaller (~ | Hz) H,'-H»' coupling constant than a
C.’-C,’ cis nucleoside.
Glvcosylation methods

The glycosylation methods reported in literature also shed some light on the
possibility of obtaining B-IAZA. The preparation of a C,’-C,’ cis nucleoside has
traditionally been difficult due to the trans rule of nucleoside synthesis'® (see section
2.3.1.). Although there was an exception reported for this trans rule'®', C,"-Cy' trans
nucleosides almost always predominate. Table 29 shows that variations in reaction
conditions could have a significant effect on the yields of the o and B nucleosides. In
the Mannan' and Kumar (unpublished results) methods. one major anomer (B)

! method, the yields of the a nucleoside exceeded

predominated. In the Sakaguchi
the B by about fivefold. The Chapman group'”’ reported approximately equal yields of
both the o and B nucleosides. Seki and Ohkura (unpublished results) repeated the
Chapman method and observed that there was no B nucleosides. They observed a
compound with an R¢ value higher than that of the a nucleoside, but it was not the B
nucleoside as reported in the Chapman group. These observations suggest that the B
nucleoside is very difficult to prepare and the glycosylation reaction could be very

sensitive to different reaction conditions. The reported 69% yield of the B protected

nucleoside previously reported' thus is not consistent with these observations.



Table 29. Glycosylation methods reported in literature.
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Literature Sugar Silylation  Hg(CN), Reaction Glycosylation
bromide of 2-nitro- conditions  results
64 imidazole
Sakaguchi -HBr-HOACc Yes Yes CH;CN, a (32.9%)
et al.>! method (1.5eq) (1 eq) RT,2days B (7.2%)
-anomeric
mixture
(1eq)
Mannan et -HBr/HOAc  No Yes CH;CN “B” (69%)
al.' method (2.1eq) RT,6h no “of” was
-pure Q. reported
(1 eq)
Kumareral. | -HBr/CH.Cly Yes Yes CH;CN | major
(unpublished | -anomeric (1.17 eq) (2.26eq) 50°C,15h product
results) mixture P
(I eq)
Schneider -HBr/HOAc No Yes CH;CN o (22.7%)
etal'”’ method (25eq) 40°C,4h; B (21.5%)
-pure o RT, 16 h
(leq)
Seki and -HBr/HOAc No Yes CH;CN o (major)
Ohkura method (2.5eq) 40°C,4h: o B observed
(unpublished | -pure RT, 16 h
results) (1 eq)

In summary, two types of literature evidence ('H NMR and glycosylation

methods) gave strong support for the o configuration of the reported B-IAZA (77). To

confirm that the Mannan and Kumar methods actually produced the o nucleosides,

previous 'H NMR spectra were reexamined. The next section is devoted to this

reinvestigation.
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4.5.3. Previous 'H and '*C NMR data of AZA and IAZA

Four independent syntheses of AZA and IAZA have been performed and the

'H and '3C NMR data recorded therein were reexamined. Table 30 provides a brief

summary of the NMR data, and Figures 29 and 30 show the 'H-'H COSY and 'H-'H

ROESY spectra of IAZA, respectively.

Table 30. 'H and '*C NMR data for previous AZA and IAZA syntheses.

Batch # of AZA AZA IAZA
& IAZA
1 'H NMR (CD;0OD): 'H NMR (CD;0OD/CDCl5):
(Data was H,’: 66.44 (J,'»' = 1.3 Hz) H,’: 86.5156 (J,' > = singlet)

published in
Mannan et al')

2
(unpublished
results)

3
(unpublished
results)

4
(unpublished
results)

3¢ NMR (CD;0D):
C,’: §97.1334

NMR data was not available.

'H NMR (CD;0D):

H,’: 86.44 (J,' > = singlet)
3C NMR data was not
available.

3C NMR data was not
available.

'3C NMR (CD;0D/CDCl5):
C,’: 595.9895

NMR data was not available.

'H NMR (CD;OD):

Hl’: 56.48 (Jl"z' = singlet)
13C NMR data was not
available.

'H NMR (CD;0D):
H,’: 56.49 (J, 2 = singlet)

'H-'H COSY (CD;0D):
H,' X Cs-H
H,' X Cs-H

'H-'H ROESY (CD;0D):
Cs-H X HY'

Cs-H X H,'

H,'X Hy'

13C NMR (CD;0D):
C,": §97.542
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Figure 29. 'H-'H COSY spectrum of IAZA (1A) (Kumar, unpublished results).
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There are two noteworthy points in Table 30. First, these NMR data provide

strong evidences that the anomeric configuration of all four batches of compounds are
identical. Second, both AZA and IAZA had small H,’-H-' coupling constants (~ | Hz
and even singlets). '"H-'"H COSY (Figure 29) and ROESY (rotating frame NOESY,
Figure 30) data further suggest the spatial proximity of the imidazole protons to H,'
and H,' protons. These observations strongly indicate that these nucleosides have the o
configuration (see section 4.5.2.).

Reexaminations of previous NMR data of AZA and IAZA led to the same
conclusions. The final and absolute piece of proof came after X-ray crystallography
structure analyses of AZA and [AZA.

4.5.4. X-ray crystallography structure analyses

X-ray crystallography provides an attractive method for the determination of
the absolute configuration of an anomeric compound (see section 2.3.2.3.). Two
samples were submitted for X-ray structure analyses: IAZA (Batch #4) (Kumar,
unpublished results) and AZA (Seki and Ohkura, unpublished results). The structures
are shown in Figures 31 and 32, respectively. In both cases, the anomeric
configurations of the nucleosides are unambiguously o.

These investigations all led to the conclusion of the a configuration of the
IAZA reported in Mannan er al'. In summary, these two initial indications are crucial
in this determination:

1. Asmall (~ | Hz) H,'-H,' coupling constant will indicate a-IAZA (1A).
2. The trans rule of nucleoside synthesis will almost always produce a C,'-C,' trans

nucleoside.
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Figure 31. X-ray crystallography structure analysis of IAZA (1A) (Kumar,
unpublished results).
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Figure 32. X-ray crystallography structure analysis of AZA (7) (Seki and
Ohkura, unpublished results).
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5. Conclusions

The primary objective of the research described in this thesis was to evaluate
the potential of two kinds of radioiodinated metabolites from ['*IJIAZA (1A) as
SPECT brain and tumor imaging agents. The chemistry, radioiodination and
biological studies of these proposed metabolites, together with investigations on the
sugar-2-aminoimidazole glycosylation reaction and the anomeric configuration of 1A,
reported in the previous chapters have now led to the following conclusions.

[. The abnormal brain uptake of radioactivity observed in ['**IJIAZA patients could
not be explained by this study on radioiodinated ['*IJIAZA metabolites. The
sugar analogs 3 and 4 showed no active accumulation of brain radioactivity in the
mouse brain. The amino analog of IAZA (5) also showed no brain uptake of
radioactivity in both normal and tumor-bearing mice. The nature of this observed
brain uptake in 3 out of 10 advanced cancer patients is still unknown.

2. In in vivo biodistribution studies with tumor-bearing mice, ['*I]-§ exhibited a
moderately high tumor-to-blood ratio of 4.34 at 4 h post injection. But at the same
time other tissues, especially the liver, had persistently higher ratios than the
tumor, even at 24 h post injection. The high liver radioactivity at 24 h suggests
metabolic trapping in this organ, and further study would be needed to determine
the nature of this metabolic trapping. In vivo deiodination followed by subsequent
accumulation of radioactivity in thyroid was common to all the radioiodinated
metabolites. However, ['*’[]-§ appeared to be more radiochemically stable in vivo
(at 4 h post injection) than its sugar counterparts. The renal route is an important

route for excretion for all the metabolites, although in ['2SI]-§ liver and GIT
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radioactivity noted in the high tissue-to-blood ratios suggests that the hepatobiliary

elimination route is equally, if not more, important. More than 95% of the injected
dose was eliminated within 4 h after injection for the sugar metabolites 3 and 4,
and greater than 97% was excreted within 24 h for 5.

- The sugar analogs were synthesized by chemical cleavage of the N'-glycosidic
bond of S8B and 1B. Alternatively they were prepared from commercially
available D-(-)-arabinose (61) because the former method involves the degradation
of a costly synthetic end product IAZA (1A). Radioiodination of these sugars was
achieved by exchange labeling in the pivalic acid “melt” method. Over 90%
radiochemical yields were obtained with both sugars. Purification was achieved by
column chromatography (silica gel) and the radiochemical purity of both sugars
determined thereafter was >98%. Since the radiochemical stability of ['*I]-4 in
saline was low, 20% ethanol in saline was selected and found to be a suitable
solution medium for animal injection.

. The sugar derivative (amino nucleoside) § was also prepared by two different
methods. The first method involved the chemical reduction of AZA (7) with
hydrogen in the presence of palladium-carbon and subsequent iodination. A less
costly method is the direct glycosylation of a 2-aminoimidazole derivative (66 or
69) with the protected sugar bromide 64. The desired a-nucleoside 67 was
achieved in 44% yield. Two methods of the radioiodination of § were studied.
The solvent exchange method in 2-propanol was preferred due to its shorter
reaction time when compared to the pivalic acid “melt” method. In both methods,

radiochemical yields of 40-45% were obtained. Purification of ['*I}-§ was
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achieved by reverse-phase Sep-Pak® cartridges and the radiochemical purity

determined thereafter was >95%.

- Ten glycosylation trials between a 2-aminoimidazole derivative (66 or 69) and the
protected sugar bromide 64 were performed. The desired glycosylation product
was obtained in 8 of the 10 trials with an average yield of about 23%. The problem
of the reactive exocyclic, primary amino group on the imidazole base was solved
by introducing the acetamide and the trifluoroacetamide as the protective groups.
The HBr/HOAC method was preferred for the preparation of the sugar bromide 64
because crystalline and anomerically pure o-bromide could be obtained and
characterized by melting point and '"H NMR. This crystalline bromide was
observed to be stable when stored under argon at -20°C for up to 6 months.
However, its chemical stability in acetonitrile was low. This problem was
circumvented by dissolving the sugar bromide in benzene and subsequent dropwise
addition to acetonitrile.  Silylation and mercury catalysts were found to be
unnecessary in this study. The glycosylation reaction with the trifluoroacetamide
66 gave the best yields (44%) and 67 was characterized by 'H and '3C NMR, 'H-
'H COSY, 'H-"’C correlation studies, 'H-'H NOESY, NOE correlation studies and
FAB mass spectrometry. These results strongly suggest that 67 has an o
configuration.

Although no B nucleoside was observed in the glycosylation reactions, a “bis”
glycosylation product (71 or 72) was isolated. Its chemical structure was proven

by 'H NMR and FAB mass spectrometry. The latter method gave the strongest
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support because of the high molecular weights (>1,000) obtained in both

compounds.

. Seven deprotection reactions were performed on selected glycosylation products.
These deprotection reactions involved debenzoylation with NH3;/MeOH and
subsequent cleavage of the amides. The second deprotection step was more
difficult and produced 6 in about 50% yield. An isomer of 6 was isolated and its
proposed structure is the arabinopyranose counterpart of 6 (75). Further
confirmation is necessary for this proposed structure.

. The possibility of a-IAZA (1A) and not the previously assigned B was explored.
Studies with AIA (6), literature evidence ('"H NMR data and glycosylation
methods), previous 'H and 'C NMR data of AZA and IAZA, and X-ray
crystallography structure analyses on AZA and IAZA all led to the conclusion that

[IAZA is actually the oc anomer.
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Appendices

Appendix 1. Brief assessment on the SPECT images obtained from 10 selected
['*I1IAZA advanced cancer patients™ during 1991-1994.

Codes used in assessing radioactivity uptakes: O - no uptake; 1 - low uptake; 2 -
moderate uptake; 3 - high uptake

Patient #1: Male, 57.

Date of Imaging: June 29, 1994.
Immediate images: Brain: 0 Liver: 3
24 h images: Brain: 1 Liver: 3

Patient #2: Female, 67.

Date of Imaging: June 21, 1994.
Immediate images: Brain: 1 Liver: 3
24 h images: Brain: 3 Liver: 3

Patient #3: Male, 56.

Date of Imaging: June 28, 1994,
Immediate images: Brain: 0 Liver: 3
24 h images: Brain: 1 Intestines: 3

Patient #4: Female, 33.

Date of Imaging: not available.
Immediate images: Brain: 0 Liver: 3
24 h images: Brain: 1 Intestines: 3

Patient #5: Male, 44.

Date of Imaging: April 21, 1993.
Immediate images: Brain: 0 Liver: 3
18 h images: Brain: 3 Liver/Intestines: 3 (Figure 1)

Patient #6: Female, 66.
Date of Imaging: February 23, 1993.

Immediate images: Brain: 0 Liver: 3
20 h images: Brain: 1 Liver/Intestines: 3



Patient #7: Male, no age was given.

Date of Imaging: April 30, 1992.
Immediate images: Brain: 0 Liver: 3
21 h images: Brain: 1 Liver: 3

Patient #8: Male, no age was given.
Date of Imaging: June 25, 1992.
Immediate images: Brain: 1 Liver: 3
24 h images: Brain: 2 Liver: 3
Patient #9: Male, no age was given.
Date of imaging: November 26, 1991.

Immediate images: Brain: 0 Liver: 3
18-25 himages:  Brain: 1 Liver: 3

Patient #10: Female, no age was given.

Date of imaging: June 12, 1991.
Immediate images: Brain: 0 Liver: 3
17 h images: Brain: 1 Liver: 3
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Appendix 2. Sample calculations of the two-sample ¢-test.
Data: Brain-to-blood ratios, ['*I]IAIA (5)

Sample 1: Normal = normal Balb/c mice
Sample 2: Tumor = EMT-6 tumor bearing Balb/c mice

t-Test: Two-Sample Assuming Unequal Variances

0.25h Normal Tumor
Mean 0.155567 0.0461
Variance 0.000278 5.41E-05
Observations 3 3
Hypothesized Mean Difference 0
df 3
¢t Stat 10.4115
P (T<={) one-tail 0.000946
t Critical one-tail** 4.540707
p*(T<=() two-tail 0.001891
t Critical two-tail** 5.840848

t-Test: Two-Sample Assuming Unequal Variances

0.50h Normal Tumor
Mean 0.0997 0.066467
Variance 0.005632 0.000362
QObservations 3 3
Hypothesized Mean Difference 0
df 2
t Stat 0.743482
p(T<=f) one-tail 0.267333
t Critical one-tail 6.964547
p(T<=f) two-tail 0.534666
t Critical two-tail 9.924988

t-Test: Two-Sample Assuming Unequal Variances

1h Normal Tumor
Mean 0.029 0.0347
Variance 0.000292 0.000203
Observations 3 3
Hypothesized Mean Difference 0
df 4
t Stat -0.44349
p(T<={) one-tail 0.34017
t Critical one-tail 3.746936
p(T<=0) two-tail 0.680341

t Critical two-tail 4.60408




t-Test: Two-Sample Assuming Unequal Variances

2h Normal Tumor
Mean 0.039933 0.0791
Variance 0.003106 3.11E-05
Observations 3 3
Hypothesized Mean Difference 0
df 2
t Stat -1.21126
p(T<=f) one-tail 0.174748
t Critical one-tail 6.964547
p(T<={) two-tail 0.349496
t Critical two-tail 9.924988

t-Test: Two-Sample Assuming Unequal Variances

4h Normal Tumor
Mean 0.192433 0.099667
Variance 0.016981 0.000148
Observations 3 3
Hypothesized Mean Difference 0
df 2
t Stat 1.22771
p(T<=f) one-tail 0.172221
t Critical one-tail 6.964547
p(T<=f) two-tail 0.344442
t Critical two-tail 9.924988

t-Test: Two-Sample Assuming Unequal Variances

8h Normal Tumor
Mean 0.0533 0.0743
Variance 0.005682 0.004022
Observations 2 3
Hypothesized Mean Difference 0
df 2
t Stat -0.32475
p(T<=f) one-tail 0.388095
t Critical one-tail 6.964547
P(T<=l) two-tail 0.77619

t Critical two-tail 9.924988
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t-Test: Two-Sample Assuming Unequal Variances

24h Normal Tumor
Mean 0.145667 0.316367
Variance 0.063656 0.068914
Observations 3 3
Hypothesized Mean Difference 0
df 4
t Stat -0.81203
p(T<=() one-tail 0.231167
t Critical one-tail 3.746936
p(T<=f) two-tail 0.462334
t Critical two-tail 4.60408

*The p-value, p, is the probability of obtaining a mean as extreme or more extreme
than the observed sample mean. The smaller p is, the stronger the belief that a
difference is not a random occurrence.

**Statistical analyses were performed at the significance level of 0.01.
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