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ABSTRACT

Achieving chemoselectivity while maintaining bioorthogonality are among some of the
major challenges in bioconjugation chemistry. Bioconjugation chemistry has important
applications in PET radiochemistry. While modern bioconjugation techniques rely predominantly
on lysine and cysteine residues as targets for bioconjugation, other bioconjugation techniques that
selectively target other amino acids would contribute greatly to the development of new PET
radiotracers. Although only modestly prevalent and often buried within the protein structure,
tyrosine represents an attractive target for bioconjugation. Tyrosine residues can be selectively
targeted by both luminol derivatives and aryl diazonium salts. Luminol derivatives react via an
ene-like reaction where as diazonium compounds react via electrophilic aromatic substitution to
produce a stable conjugate. Recently, luminol derivatives have been reported for the introduction
of fluorescent probes into proteins and diazonium salts have been reported for the introduction of
radiometals into tyrosinamide-containing polymers. To the best of our knowledge, neither
technique has been applied to PET radiotracer synthesis. Therefore, the aim of this project is the
chemoselective introduction of radionuclides onto tyrosine residues under mild conditions.
Specifically, we describe the preparation of '®F-labeled luminol derivatives as well as **Cu- and
8Ga-labeled diazonium salts as novel building blocks for subsequent coupling with tyrosine
residues under mild conditions. Luminol derivative N-(4-['®F]fluorobenzyl)-2-methyl-1,4-dioxo-
1,2,3,4-tetrahydro-phthalazine-6-carboxamide (29) was synthesized in 48% radiochemical yield.
The use of H2O; in the presence of hemin as an oxidizing agent resulted in improved oxidation
when compared with 1,3-dibromo-5,5-dimethylhydantoin, N-bromosuccinimide, 1,3,4,6-
tetrachloro-3a,6a-diphenyl-glucoluril coated iodination tubes and N-chloro-benzenesulfonamide
coated iodination beads. Tyrosine-click chemistry of compound 29 with acetyl-L-tyrosine methyl
amide afforded the expected conjugate in 27% radiochemical yield. As well, %Ga- and *Cu-
labeled NOTA-diazonium salts were synthesized from 20 ug of macrocyclic chelator 2-S-(4-
aminobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-NH2-Bn-NOTA). ®Ga- and *Cu-
labeled NOTA complexes were prepared in high radiochemical yields >80% and in situ conversion
of ®¥Ga- and **Cu-labeled p-NH,-Bn-NOTA complexes into corresponding diazonium salts was
carried out with NaNO> under acidic conditions. Azo coupling with L-tyrosine, neurotensin NT(8-
13), human serum albumin (HSA) and tobacco mosaic virus (TMV) afforded the expected
conjugates in radiochemical yields upwards of 80%, 45%, 20% and 9%, respectively. Coupling
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reactions proceeded under mild, aqueous conditions within 60 min. The described luminol-based
tyrosine-click chemistry technique and azo coupling technique provide innovative bioconjugation
strategies for the chemoselective introduction of various radionuclides onto tyrosine residues under
mild and aqueous reaction conditions. The applied mild reaction conditions make these novel
bioconjugation strategies also compatible with delicate tyrosine-based biomolecules such as

proteins and may be expanded to antibodies.
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1.0 INTRODUCTION
1.1 A Brief History of Nuclear Medicine

Early nuclear medicine was significantly influenced by radioiodine chemistry. Some of
the first applications included the use of various radioisotopes of iodine for thyroid cancer imaging
and therapy. Following its discovery in 1938, *'I was used for both therapy and diagnostic
imaging as it has a half-life of 8 days and decays primarily by beta emission but also produces an
easily detectable gamma ray with an energy of 367 keV [1-3]. Initially produced by deuteron
bombardment of a tellurium target in a cyclotron, the first application in humans included the
assessment of iodine uptake and metabolism by the thyroid of patients with thyroid dysfunction
[4, 5]. Tumour uptake was first demonstrated shortly thereafter in patients with metastatic thyroid
cancer [6]. Other radioisotopes of iodine were later used for imaging, particularly '%°I due to its
shorter half-life of 13.2 hours and more favourable mode of decay. Rather than decaying by beta
emission, %I decays by electron capture and produces a gamma ray with an energy of 159 keV
[7]. Later, '*°I was used for brachytherapy due to its longer half-life of 59.5 days in combination
with its low energy gamma ray with an energy of 28.5 keV [8, 9].

As the application of radioactivity in medical imaging expanded, the role of bioconjugation
chemistry became more prominent. Proteins were labeled with '*'I via radioiodination techniques
targeting tyrosine residues (Figure 1.1). As early as 1944, 3'I-labeled bovine serum albumin
(BSA) was used to image the movement of serum proteins in traumatic shock [10]. By 1950, '3'I-
labeled human serum albumin (HSA) was used for blood pool imaging in humans [11, 12]. In
1959, radioimmunoassay was developed [13]. This in vitro assay was initially used to determine
the concentration of serum antigens based on the ratio of free and bound radiolabeled antigens to
125]_

their corresponding antibodies in the presence of competing serum antigens and often used

labeled proteins labeled via tyrosine [14].



["3"I]lodide

oxidizing agent

Figure 1.1. Radioiodination of tyrosine-containing proteins.

Today, bioconjugation techniques targeting other amino acids such as lysine and cysteine
are employed to incorporate other radionuclides, such as '*F, ®*Ga, ®*Cu and many others. Though
8F is a positron emitter with an ideal half-life of 109.8 minutes, direct fluorination requires harsh
conditions that are incompatible with delicate biomolecules such as proteins. This is overcome by
the use of prosthetic groups, which are fluorinated prior to bioconjugation with proteins [15]. One
of the most popular examples is N-succinimidyl 4-['3F]fluorobenzoate (['*F]SFB), which can be
synthesised from trimethylammonium precursors, which exploit the nucleophilic nature of
['®F]fluoride (Figure 1.2) [16]. Such bifunctional labeling agents undergo bioconjugation
reactions with the a- or e-amino groups of peptides or proteins. These bifunctional labeling agents
are not just limited to 'F chemistry and can also be functionalized with chelators to include
radiometals. Bifunctional chelating agents commonly include active esters, isothiocyanates and
maleimides for bioconjugation with amino or thiol groups in peptides and proteins [17].
Macrocyclic chelators such as 1,4,7,10-tetraazacyclododecane-1,4,7,10tetraaceticacid (DOTA)
and 1,4,7-triazacyclononane-1,4,7-triaceticacid (NOTA) have largely replaced acyclic chelators
like diethylenetriaminopentaaceticacid (DTPA) and ethylenediaminotetraaceticacid (EDTA) due
to their improved coordination chemistry with a variety of metals to form stable chelates (Figure

1.3) [18].

Figure 1.2. Bifunctional labeling agent ['*F]SFB.
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Figure 1.3. Macrocyclic chelators, DOTA and NOTA.

1.2 Bioconjugation of Tyrosine Residues

Tyrosine is an attractive alternative target for the chemoselective incorporation of
radionuclides into peptides and proteins. Bioconjugation techniques targeting tyrosine include azo
coupling, tyrosine-click chemistry, mannich-type reactions, Pd-mediated cross coupling and
oxidative coupling (Figure 1.4) [19, 20]. Some of these techniques have already been applied to

radiochemistry.
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Figure 1.4. Bioconjugation techniques targeting tyrosine. A) Azo coupling. B) Mannich-type
reactions. C) Tyrosine-click chemistry. D) Pd-mediated cross-coupling. E) Oxidative coupling
[20].

The application of azo coupling in radiochemistry was initially explored for bioconjugation
of acyclic chelators like ethylenediaminetetraacetic acid (EDTA) with proteins for post-labeling
with radiometals such as '''In for in vivo scintillation studies [21]. Azo coupling is a
bioconjugation strategy that utilizes diazonium compounds, which react via electrophilic aromatic
substitution to produce a diazo conjugate (Figure 1.5). More recently, azo coupling has been
applied to radiochemistry for the incorporation of '''In and '*I into tyrosinamide-containing
polymers, for future pharmacokinetic studies [22]. Incorporation of '''In was carried out using a

post-labeling approach in which bifunctional chelator 2-S-(4-Aminobenzyl)-diethylenetriamine



pentaacetic acid (p-NH2-Bn-DTPA) was diazotized and coupled with tyrosinamide-containing

polymers prior to '''In-labeling (Figure 1.6).

OH
R1\©\ R1\©\
R
N 2 N OH
aqueous buffer, 4 °C N

Figure 1.5. Azo coupling with aryl diazonium salts.
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N N
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Figure 1.6. Diazotized bifunctional chelator p-NH>-Bn-DTPA for azo coupling and post-
labeling with ''In.

Tyrosine-click chemistry has also been applied to radiochemistry through the synthesis of
‘clickable’ prosthetic groups for '8F. Tyrosine-click chemistry is an emerging strategy in which
cyclic diazodicarboxamide derivatives react via an ene-like reaction to produce a heteroatom bond
(Figure 1.7) [23, 24]. PTAD-derived prosthetic group ['®F]4-(4-fluorophenyl)-1,2,4-triazole-3,5-
dione (['®F]F-PTAD) was synthesized and clicked with tyrosine derivative acetyl-L-tyrosine
methyl amide [25]. Similarly, prosthetic group 4-(p-['*F]fluorosulfonyl)phenyl)-1,2,4-triazoline-
3,5-dione (['®F]FS-PTAD) was synthesized and clicked with L-tyrosine (Figure 1.8) [26].
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Figure 1.8. ‘Clickable’ prosthetic groups for tyrosine-click with 'F: ['"®F]F-PTAD and ['®F]FS-
PTAD.

Chemiluminescent compound 3-aminophthalhydrazide, commonly known as luminol,
emits blue light with a wavelength of 425 nm after oxidation (Figure 1. 9) [27]. Specifically,
luminescence occurs when degradation of the oxidized intermediate results in an excited phthalate,
which transitions to ground state emitting a photon [28]. Recently, luminol derivatives have been
reported as a more stable alternative to traditional cyclic diazodicarboxamide derivatives, as they
do not produce the electrophilic isocyanate degradation product following oxidation (Figure 1.10
and Figure 1.11) [29]. To the best of our knowledge, this modified tyrosine-click strategy has not
yet been applied to radiochemistry.
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Figure 1. 9. Structure of chemiluminescent compound, luminol.
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1.3 Hypothesis and Aim of the Thesis

This thesis hypothesizes that the application of tyrosine-click and azo coupling chemistry
to PET radiochemistry is a versatile bioconjugation technique for the chemoselective incorporation
of radionuclides onto tyrosine residues under mild conditions. To test and verify this hypothesis,

the following two major project goals were proposed.

1) The radiosynthesis and application of '®F-labeled luminol derivatives as novel tyrosine-click

building blocks.

2) The preparation of ®*Cu- and *®Ga-labeled diazonium salts and their subsequent azo coupling

with tyrosine residues on the amino acid, peptide, protein and nanoparticle level.



2.0 MATERIALS AND METHODS
2.1 General

'HNMR and "'CNMR spectra were recorded on a Bruker AM 600 NMR
spectrometer. Chemical shifts are given in parts per million with tetramethylsilane (TMS) as an
internal reference. MS data were recorded on a Waters Micromass ZQ 4000 mass spectrometer,
an Agilent 6220 0aTOF mass spectrometer or an AB Sciex Voyager Elite MALDI mass
spectrometer. LCMS data were recorded on Agilent 6130 mass spectrometer with Agilent 1260
HPLC. Flash column chromatography was performed on a Combiflash Rrsystem using a gold
silica column. HPLC was performed on a Gilson system with a 321 pump and 155 UV detector.
Automated radiosynthesis of 4-['*F]fluorobenzylamine was performed on a GE TRACERIab™
FX. All chemicals were obtained from Sigma-Aldrich and used without further purification, with
the exception of neurotensin (8-13) which was obtained from Bachem and p-NH>-Bn-NOTA

which was obtained from Macrocyclics.

2.2 Chemical Syntheses
2.2.1 Ethyl N,N-[(4-nitrophenoxy)carbonylamino]carbamate (1)

A solution of ethyl carbazate and dry trimethylamine in dry tetrahydrofuran was added
dropwise to 1.1 equivalents of 4-nitrophenylchloroformate in tetrahydrofuran, under nitrogen. The
reaction was stirred at room temperature for three hours and monitored by TLC using a 50% ethyl
acetate in hexane solvent system. The reaction was filtered and the filtrate was concentrated in
vacuo. The product was purified by column chromatography using an ethyl acetate/hexane
gradient. The product had an R value of 0.30 and was characterized by '"H NMR and MS. The
yield was 45%. 'H NMR (600 MHz, MeOD): § 8.32 (d, 2H), 7.46 (d, 2H), 4.22 (m, 2H), 1.26 (t,
J=6.6 Hz, 3H).



2.2.2 Ethyl 2-[(4-{[(tert-butoxycarbonyl)amino]methyl} phenyl)carbamoyl]
hydrazinecarboxylate (2)

A solution of 4-[(N-Boc)aminomethyl]aniline and trimethylamine in acetonitrile was
added dropwise to 1.2 equivalents of compound 1 in acetonitrile. The reaction was stirred at room
temperature for eighteen hours and monitored by TLC using a 75% ethyl acetate in hexane solvent
system. The reaction was concentrated in vacuo and the product was purified by column
chromatography using an ethyl acetate/hexane solvent system. The product had an R¢ value of
0.20 and was characterized by '"H NMR. The yield was 30%. 'H NMR (600 MHz, DMSO-de): &
8.82 (s, 1H), 8.61 (s, 2H), 8.01 (s, 1H), 7.30-7.42 (m, 4H), 4.01-4.30 (m, 4H), 1.39 (s, 9H), 1.25
(t,J=9 Hz, 3H).

2.2.3 tert-Butyl [4-(3,5-dioxo-1,2,4-triazolidin-4-yl)benzyl]|carbamate (3)

To a solution of compound 2 in ethanol, 1.5 equivalents of sodium ethoxide were added in
portions. The reaction was stirred at room temperature for eighteen hours and monitored by TLC
using a 10% methanol in dichloromethane solvent system. The reaction was acidified with acetic
acid, concentrated in vacuo, filtered and washed with distilled water. The remaining solid product
had an R¢ value of 0.10 and was characterized by 'H NMR and '*C NMR. The yield was 73%. 'H
NMR (600 MHz, DMSO-d¢): 6 10.43 (s, 2H), 7.36 (d, /=12 Hz, 2H), 7.32 (d, /= 6 Hz, 2H), 4.15
(d, J = 6 Hz, 2H), 1.39 (s, 9H). *C NMR (150 MHz, CDCI3): & 155.69, 153.36, 139.70, 130.19,
127.09, 125.81, 77.78, 42.89, 28.14.

2.2.4 4-[4-(Aminomethyl)phenyl]-1,2,4-triazoline-3,5-dione (4)

An excess of trifluoroacetic acid was added to compound 3. The reaction was stirred at
room temperature for one hour and monitored by TLC using a 10% methanol in dichloromethane
solvent system. The reaction was concentrated in vacuo. The product had an R value of 0.03 and
was characterized by 'H NMR. The yield was 79%. 'H NMR (600 MHz, DMSO-de): & 10.53 (s,
2H), 8.19 (s, 3H), 7.55 (d, /=12 Hz, 2H), 7.51 (d, J= 12 Hz, 2H), 4.09 (d, J = 6 Hz, 2H).
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2.2.5 Ethyl 2-[(4-fluorobenzyl)carbamoyl]hydrazinecarboxylate (6)

To a solution of compound 1 in acetonitrile, 1.1 equivalents of 4-fluorobenzylamine and
N,N-diisopropylethylamine in acetonitrile were added dropwise. The reaction was stirred at room
temperature for eighteen hours and monitored by TLC using a 75% ethyl acetate in hexane solvent
system. The reaction was concentrated in vacuo and the product was purified by column
chromatography using an ethyl acetate/hexane solvent system. The product had an R¢ value of
0.24 and was characterized by '"H NMR and '*C NMR. The yield was 40%. 'H NMR (600 MHz,
DMSO-ds): 6 8.82 (s, 1H), 7.83 (s, 1H), 7.29-7.26 (m, 2H), 7.13-7.09 (m, 2H), 6.96 (s, 1H), 4.19
(d, J= 6 Hz, 2H), 4.03 (q, J = 8.0 Hz, 2H), 1.17 (t, J= 6 Hz, 3H). *C NMR (150 MHz, DMSO-
ds): 0 162.29, 160.69, 158.85, 157.38, 137.33, 129.34, 115.28, 115.15, 60.89, 42.36, 15.00.

2.2.6 4-(3,5-Dioxo-1,2,4-triazolidin-4-yl)benzenesulfonyl chloride (8)

To 4-phenylurazole, 7 equivalents of chlorosulfonic acid were added. The reaction was
stirred at 60 °C for two hours. It was cooled to room temperature and added dropwise to 40 mL
of crushed ice. The solution was filtered several times and the remaining solid was dissolved in
hot ethyl acetate, concentrated in vacuo and cooled in an ice bath. Cold hexane was added and the
solution was filtered. The remaining solid product was characterized by 'H NMR, *C NMR and
MS. The yield was 44%. 'H NMR (600 MHz, DMSO-ds): & 7.67 (d, J = 8.4 Hz, 2H), 7.41 (d, J
=9.6 Hz, 2H). *C NMR (150 MHz, (CD3)>CO): § 153.29, 141.62, 139.34, 127.74, 125.47.

2.2.7 4-{|(E)-(4-Fluorophenyl)methylidene]amino}-1,2,4-triazolidine-3,5-dione (10)

To a solution of urazine in distilled water, 10 equivalents of 4-fluorobenzaldehyde were
added. The reaction was stirred under reflux for 45 minutes and monitored by TLC using a 50%
methanol in dichloromethane solvent system. The reaction was concentrated in vacuo, dried by
lyophilization and washed with ether. The product had an Rt value of 0.83 and was characterized
by '"H NMR and MS. The yield was 17%. "H NMR (600 MHz, DMSO-de): § 9.40 (s, 1H), 7.93-
7.84 (m, 2H), 7.42-7.29 (m, 2H).
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2.2.8 Di-tert-butyl [(4-nitrobenzyl)oxy|imidodicarbonate (11)

To a solution of O-(4-nitrobenzyl)hydroxylamine hydrochloride and triethylamine in
acetonitrile, 2 equivalents of BOC anhydride and 2 equivalents of 4-dimethylaminopyridine were
added. The reaction was stirred at 45 °C for 3 hours and monitored by TLC using a 30% ethyl
acetate in hexane solvent system. The reaction was concentrated in vacuo and purified by flash
column chromatography using an ethyl acetate/hexane solvent system. The product had an Ry
value of 0.60 and was characterized by 'H NMR, *C NMR and MS. The yield was 88%. 'H
NMR (600 MHz, CDCls): § 8.16 (d, J = 8.4 Hz, 2H), 7.57 (d, 2H), 4.95 (s, 2H), 1.48 (s, 18H). *C
NMR (150 MHz, CDCI3): & 150.04, 148.07, 141.66, 129.73, 123.64, 84.34, 53.43, 34.01, 28.39,
28.10.

2.2.9 Di-tert-butyl [(4-aminobenzyl)oxy]imidodicarbonate (12)

To a solution of compound 11 in 10% water in acetonitrile, 0.2 equivalents of nickel acetate
tetrahydrate were added. The mixture was stirred for 5 minutes before 4 equivalents of sodium
borohydride were added. The reaction was stirred at room temperature for 15 minutes and
monitored by TLC using a 30% ethyl acetate in hexane solvent system. The reaction was washed
with water and brine, extracted with dichloromethane, dried over sodium sulfate and purified by
flash column chromatography using an ethyl acetate/hexane solvent system. The product had an
Rt value of 0.24 and was purified using flash column chromatography and characterized by 'H
NMR, *C NMR and MS. The yield was 45%. 'H NMR (600 MHz, MeOD): § 7.16 (d, J = 8.4
Hz, 2H), 6.70 (d, J = 8.4 Hz, 2H), 4.77 (s, 2H), 1.54 (s, 18H). '*C NMR (150 MHz, MeOD): §
150.55, 148.63, 131.23, 123.09, 114.44, 77.87, 26.85.

2.2.10 Ethyl 2-{[4-{[(di-tert-butoxycarbonyl)amino]oxy} methyl)phenyl]carbamoyl}
hydrazine carboxylate (13)

To a solution of compound 12 and triethylamine in acetonitrile, 1.5 equivalents of
compound 1 were added dropwise. The reaction was stirred at 45 °C for 6 hours and monitored

by TLC using a 75% ethyl acetate in hexane solvent system. The reaction was concentrated in
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vacuo, washed with water and brine, extracted with ethyl acetate, dried over sodium sulfate and
purified by flash column chromatography using an ethyl acetate/hexane solvent system. The
product had an Ry value of 0.52 and was characterized by 'TH NMR, *C NMR and MS. The yield
was 49%. '"HNMR (600 MHz, MeOD): § 7.48 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 4.86
(s, 2H), 4.20 (q, J = 7.6 Hz, 2H), 1.55 (s, 18H), 1.30 (t, J = 7.2 Hz, 3H). *C NMR (150 MHz,
MeOD): 6 152.46, 141.64, 132.42, 130.80, 121.01, 85.82, 79.42, 63.48, 29.02, 15.45.

2.2.11 2-Methyl-1,4-dioxo-1,2,3,4-tetrahydrophthalazine-6-carboxylic acid (20)

To a solution of 1,2,4-benzenetricarboxylic anhydride in acetic acid, 2 equivalents of 1-
Boc-1-methylhydrazine were added. The reaction was stirred under reflux for five hours and
monitored by TLC using an 80% ethyl acetate in hexane solvent system. The reaction was filtered
and the solid was washed with water, dried under vacuum and washed with ether. The product
had an R¢value of 0.28 and was characterized by 'H NMR, 3C NMR and LCMS. The yield was
69%. "H NMR (600 MHz, DMSO-de): Pair of isomers & 8.72 (d, 1H), 8.47 (s, 1H), 8.31-8.37 (m,
3H), 8.06 (d, 1H), 3.59 (s, 3H), 3.58 (s, 3H). *C NMR (150 MHz, DMSO-de): Pair of isomers &
166.62, 166.59, 157.49, 157.21, 135.03, 134.31, 133.29, 132.50, 131.84, 129.21, 127.97, 127.82,
127.53, 125.94, 125.36, 38.25.

2.2.12 6-{[(2,5-Dioxopyrrolidin-1-yl)oxy]carbonyl}2-methyl-2,3-dihydrophthalazine-1,4-
dione (21)

To a solution of compound 20 in tetrahydrofuran, 2 equivalents of N-hydroxysuccinimide
and 2 equivalents of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide were added. The reaction
was stirred at room temperature for eighteen hours under argon and monitored by TLC using a
10% methanol in dichloromethane solvent system. The reaction was concentrated in vacuo,
washed with water, extracted with dichloromethane and dried over sodium sulfate. The product

had an Revalue of 0.44.
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2.2.13 2-Methyl-1,4-dioxo-1,2,3,4-tetrahydrophthalazine-6-carbonyl chloride (22)

A large excess of thionyl chloride was added to compound 20. The reaction was stirred at
room temperature for 30 minutes, then heated to 80 °C and stirred for an additional thirty minutes.
The reaction was monitored by TLC using a 10% methanol in dichloromethane solvent system.
Following completion, the excess thionyl chloride was evaporated by heating to 85 °C and the
remaining solid was washed with ether. The product had an Rrvalue of 0.42 and was characterized
by 'HNMR. The yield was 98%. '"H NMR (600 MHz, DMSO-de): Pair of isomers & 8.49 (d, 1H),
8.34 (d, 1H), 8.09-8.14 (m, 3H), 7.83 (d, 1H), 3.36 (s, 3H), 3.35 (s, 3H).

2.2.14 N-(4-Fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-tetrahydrophthalazine-6-

carboxamide (23)

To a solution of compound 22 in dichloromethane, 2 equivalents of 4-fluorobenzylamine
were added in portions. The reaction was stirred at room temperature for eighteen hours and
monitored by TLC using a 10% methanol in dichloromethane solvent system. The reaction was
concentrated in vacuo, washed with 10% citric acid, extracted with ethyl acetate and purified by
flash column chromatography, using a methanol/dichloromethane gradient. The product had an
Rt value of 0.39 and was characterized by 'H NMR, *C NMR and LCMS. The yield was 10%.
"H NMR (600 MHz, DMSO-dg): Pair of isomers & 8.73 (d, 1H), 8.33 (dd, 1H), 8.05 (d, 1H), 7.39-
7.41 (m, 2H), 7.16-7.18 (m, 2H), 4.50 (d, 2H), 3.58 (s, 3H). *C NMR (150 MHz, DMSO-dp): Pair
of isomers 6 165.40, 165.38, 162.47, 160.88, 137.62, 136.03, 136.00, 131.96, 131.93, 129.90,
129.85, 129.17, 125.70, 125.67, 125.18, 125.10, 115.59, 115.45, 115.09, 42.67, 38.28. LC-MS:
328.1 [M+H].

2.2.15 Conjugation of compound 23 with acetyl-L-tyrosine methylamide

To 3 equivalents of compound 23, 1 equivalent of acetyl-L-tyrosine methyl amide and
0.01 equivalents of hemin in dimethyl sulfoxide, 10 equivalents of hydrogen peroxide were
added dropwise. The reaction was stirred at room temperature for thirty minutes and monitored

by TLC using a 10% methanol in dichloromethane solvent system. The reaction was diluted
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with ethyl acetate, washed with water and purified by HPLC. The product had an Rt value of
0.09 and was characterized by '"H NMR and LCMS. The yield was 42%. 'H NMR (600 MHz,
DMSO-ds): 6 8.63-8.67 (m, 1H), 8.20-8.22 (m, 2H), 7.31-7.34 (m, 2H), 7.10-7.20 (m, 2H), 6.88-
7.00 (m, 2H), 6.86-6.88 (m, 1H), 4.50 (d, J = 9.0 Hz, 2H), 4.43-4.44 (m, 1H), 3.30 (s, 3H), 2.73-
2.99 (m, 2H), 2.59 (d, J=7.2 Hz, 3H), 1.84 (s, 3H).

2.2.16 Chelation of p-NH2-Bn-NOTA with "*‘Cu

An excess of copper (II) chloride dihydrate and EDTA in 1 M ammonium acetate buffer
pH 6 was shaken at room temperature for thirty minutes before it was added to a solution of p-
NHz-Bn-NOTA in 1 M ammonium acetate buffer pH 6. The reaction was shaken on a
thermoshaker at 60 °C for one hour before being shaken at room temperature for twenty-four hours.

The reaction was purified by HPLC and characterized by LCMS. LC-MS: 469.1 [M+H].

2.2.17 Chelation of p-NH2-Bn-NOTA with "'Ga

An excess of gallium trichloride and EDTA in 1 M sodium acetate buffer pH 4.5 was
shaken at room temperature for five minutes before it was added to a solution of p-NH2-Bn-NOTA
in 1 M sodium acetate buffer pH 4.5. The reaction was shaken on a thermoshaker at room

temperature for twenty-four hours. The reaction was purified by HPLC and characterized by

LCMS. LC-MS: 475.1 [M+H].

2.2.18 Diazotization of "*'Cu-NOTA-NH:

To a solution of compound 31 in 1 M hydrochloric acid, 1 equivalent of sodium nitrite was
added. The reaction was periodically shaken at 4 °C for two minutes. The product was used, in

situ, for the next step without purification.
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2.2.19 Diazotization of "*Ga-NOTA-NH:

To a solution of compound 32 in 1 M hydrochloric acid, 1 equivalent of sodium nitrite was
added. The reaction was periodically shaken at 4 °C for two minutes. The product was used, in

situ, for the next step without purification.

2.2.20 Conjugation of "'Cu-NOTA-N: with L-tyrosine

To 1 equivalent of L-tyrosine in 1 x PBS pH 7.2, the diazotized compound 33 was added.
The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the reaction was
periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC and
characterized by LCMS. The yield was 28%. LC-MS: 662.1 [M+H].

2.2.21 Conjugation of "'Ga-NOTA-N: with L-tyrosine

To 1 equivalent of L-tyrosine in 1 x PBS pH 7.2, the diazotized compound 34 was added.
The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the reaction was
periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC and
characterized by LCMS. The yield was 7%. LC-MS: 667.2 [M+H].

2.2.22 Conjugation of "'Cu-NOTA-N: with neurotensin NT(8-13)

To 1 equivalent of neurotensin NT(8-13) in 1 x PBS pH 7.2, the diazotized compound 33
was added. The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the reaction
was periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC and
characterized by LCMS. The yield was 76%.

2.2.23 Conjugation of "'Ga-NOTA-N: with neurotensin NT(8-13)

To 1 equivalent of neurotensin NT(8-13) in 1 x PBS pH 7.2, the diazotized compound 34
was added. The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the reaction
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was periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC and
characterized by LCMS. The yield was 66%.

2.3 Radiochemical Syntheses
2.3.1 ['®F]Fluorobenzaldehyde (18)

To 500-1000 MBq of azeotropically dried ['®F]fluoride, 5-10 mg of 4-
(trimethylammonium triflate)benzaldehyde in acetonitrile was added. The sealed reaction was
vortexed and reacted at 100 °C for 10 minutes and monitored by radio-TLC using a 75% ethyl
acetate in hexane solvent system. The product had an R value of 0.60 and characterized based on
the R value of cold 4-fluorobenzaldehyde. The decay corrected yield was 71%, and the

radiochemical purity was >95%.

2.3.2 4-{[(E)-(4-['®F]-Fluorophenyl)methylidene]amino}-1,2,4-triazolidine-3,5-dione (19)

To a 0.03 M solution of urazine in 25% 0.1 M HCI in acetonitrile, 3 MBq of 4-
['®F]fluorobenzaldehyde (18) were added. The reaction was shaken on a thermoshaker at 45 °C
for 15 minutes and monitored by radio-TLC using a 20% ethyl acetate in hexane solvent system.
The product had an Rrvalue of 0.04 and was characterized by radio-TLC based on the Rr value of
the cold reference. The product was obtained without purification, with a radiochemical purity of

92%.

2.3.3 4-['"®*F]Fluorobenzylamine (28)

['®F]Fluorobenzylamine (28) was prepared according to literature [30]. To 500-1000 MBq
of azeotropically dried ['F]fluoride, 5-10 mg of 4-cyano-N,N,N-trimethylanilinium
trifluoromethansulfonate in dimethyl sulfoxide was added. The sealed reaction was vortexed and
reacted at 95 °C for 15 minutes. Following cartridge purification, 4-['®F]fluorobenzylnitrile (27)
was obtained. Reduction of compound 5 using 50 mg of sodium borohydride with 25 mg of nickel

chloride as a catalyst at 25 °C for 15 minutes, followed by cartridge purification, afforded 4-
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['®F]fluorobenzylamine (28). The product was characterized by radio-TLC based on the R¢ value
of cold 4-fluorobenazylamine. The product had an R¢value of 0.10, using a 50% ethyl acetate in
hexane solvent system. The decay corrected yield was 24% and the radiochemical purity was

>98%.

234 N-(4-['8F]Fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-tetrahydrophthalazine-6-
carboxamide (29)

To a solution of compound 22 in tetrahydrofuran, 6 MBq of 4-[ '*F]fluorobenzylamine (28)
were added. The reaction was shaken on a thermoshaker at 25 °C for fifteen minutes and monitored
by radio-TLC using a 10% methanol in dichloromethane solvent system. The product had an Ry
value of 0.69, was purified by radio-HPLC and characterized based on the retention time of the
cold reference. The decay corrected radiochemical yield was 48% and the radiochemical purity

was >97%.

2.3.5 Conjugation of compound 29 with acetyl-L-tyrosine methylamide

To 2 MBq of compound 29 in a 50% acetonitrile in 0.2% trifluoroacetic acid water solution,
100 pg of acetyl-L-tyrosine methylamide, 10 pg of hemin and 3 pL of hydrogen peroxide were
added. The reaction was shaken on a thermoshaker at 25 °C for 30 minutes and monitored by
radio-TLC, using a 10% methanol in dichloromethane solvent system. The product had an Rt
value of 0.09, was purified by radio-HPLC and characterized based on the retention time of the
cold reference. The decay corrected radiochemical yield was 27%, with a radiochemical purity

>81%.

2.3.6 Chelation of p-NH2-Bn-NOTA with *Cu

To a solution of p-NH2-Bn-NOTA in 0.25 M ammonium acetate buffer pH 5.5, 10 MBq
of ®*Cu were added. The reaction was shaken on a thermoshaker at 37 °C for fifteen minutes and

monitored by radio-TLC using a 10% 1 M ammonium acetate in methanol solvent system. The
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product had an Rr value of 0.30 and was used in the next step without purification. The

radiochemical purity was >98%.

2.3.7 Chelation of p-NH2-Bn-NOTA with ®Ga

To a solution of p-NH2-Bn-NOTA in 0.25 M ammonium acetate buffer pH 5.5, 5 MBq of
8Ga were added. The reaction was shaken on a thermoshaker at 37 °C for fifteen minutes and
monitored by radio-TLC using a 10% 1 M ammonium acetate in methanol solvent system. The
product had an Rr value of 0.30 and was used in the next step without purification. The

radiochemical purity was >94%.

2.3.8 Diazotization of *Cu-NOTA-NH:

To a solution of compound 39 in 0.1 M ammonium acetate buffer pH 5.5100 uL of 1 M
hydrochloric acid and 10 pL of a 2 M sodium nitrite solution were added. The reaction was
periodically shaken at 4 °C for ten minutes. The product was used, in situ, for the next step without

purification.

2.3.9 Diazotization of ®*Ga-NOTA-NH;

To a solution of compound 40 in 0.1 M ammonium acetate buffer pH 5.5100 uL of I M
hydrochloric acid and 10 pL of a 2 M sodium nitrite solution were added. The reaction was
periodically shaken at 4 °C for ten minutes. The product was used, in situ, for the next step without

purification.

2.3.10 Conjugation of **Cu-NOTA-N; with L-tyrosine

To 500 pg of L-tyrosine in 0.1 M borate buffer pH 8.8, the diazotized compound 41 was
added. The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the reaction was
periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC and
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characterized based on the retention time of the cold reference. The radiochemical yield was 56%.

2.3.11 Conjugation of ®Ga-NOTA-N; with L-tyrosine

To 500 pg of L-tyrosine in 0.1 M borate buffer pH 8.8, the diazotized compound 42 was
added. The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the reaction was
periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC and

characterized based on the retention time of the cold reference. The radiochemical yield was 80%.

2.3.12 Conjugation of **Cu-NOTA-N; with neurotensin NT(8-13)

To 200 pg of neurotensin NT(8-13) in 0.1 M borate buffer pH 8.8, the diazotized compound
41 was added. The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the
reaction was periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC
and characterized based on the retention time of the cold reference. The radiochemical yield was

45%.

2.3.13 Conjugation of ®Ga-NOTA-N: with neurotensin NT(8-13)

To 200 pg of neurotensin NT(8-13) in 0.1 M borate buffer pH 8.8, the diazotized compound
42 was added. The pH was adjusted to 9 with the addition of 4 M sodium hydroxide and the
reaction was periodically shaken at 4 °C for thirty minutes. The product was purified by HPLC
and characterized based on the retention time of the cold reference. The radiochemical yield was

11%.

2.3.14 Conjugation of Cu-NOTA-N: with HSA

To 100 pg of HSA in 0.1 M borate buffer pH 8.8, the diazotized compound 41 was added.
The pH was adjusted to 9 with the addition of 1 M sodium hydroxide and the reaction was
periodically shaken at 4 °C for thirty minutes. The product was purified by SEC and characterized
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by SDS-PAGE with Coomassie staining and radioactive scan. The decay corrected radiochemical

yield was 20%.

2.3.15 Diazotization of *Cu-NOTA-N; with TMV

To 234 pg of TMV in 0.1 M borate buffer pH 8.8, the diazotized compound 41 was added.
The pH was adjusted to 9 with the addition of 1 M sodium hydroxide and the reaction was
periodically shaken at 4 °C for thirty minutes. The product was purified by SEC and characterized
by SDS-PAGE with Coomassie staining and radioactive scan. The decay corrected radiochemical

yield was 9%.

2.4 I1Cso Determination

ICso values were determined using a radiometric competitive binding assay. ['*°I]tyr’-
neurotensin, with a specific activity of 81.4 GBg/umol from PerkinElmer, was used as a
radiotracer. HT-29 cells plated on tissue culture T-25/75 flasks were incubated in culture media
in humidified 5% CO / 95% air at 37 °C for three to five days. Cells were washed three times with
Tris buffer, suspended in 8 mL of Tris buffer and homogenized. Cell densities ranged from 4 x
10% and 7 x 10° cells/mL. A 100 uM peptide stock solution was prepared using water and serial
dilutions were prepared using Tris buffer (50 mM Tris—HCIl, I mM EDTA, 0.1% BSA, and 0.5
mM o-phenanthroline, cOmplete™, EDTA-free Protease Inhibitor Cocktail, pH 7.4), with
concentrations ranging from 10> M and 10> M. A 100 pL aliquot of peptide solution was
combined with 200 pL of cell homogenate, 500 pL of Tris buffer and 200 pL of radiotracer. The
solution was incubated at room temperature for thirty minutes. Free and bound ligand were
separated by filtration, using Whatman GF/B glass fiber filters and a Brandel cell harvester
(Gaithersburg, MD, USA). Filters were washed three times with Tris buffer and quantified using
a gamma counter (Wizard-2, PerkinElmer). ICso values were calculated by nonlinear regression,

using sigmoidal dose-response curves from GraphPad Prism 7 software.
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2.5 SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
characterize %*Cu-labeled HSA (47). Radiolabeled proteins were visualized with a combination of
Coomassie staining and a radioactive scan of the gel. To a 30 uL aliquot of each sample, 6 pL of
5X Laemmli stain with dithiothreitol (DTT) was added before incubation at 95 °C for five minutes.
Samples were run, along with a protein ladder, on a Bio-Rad Mini-PROTEAN® TGX™ precast
gel (10% Tris buffer) in a Bio-Rad Mini-PROTEAN® Tetra Cell with 1X running buffer at 200 V
(35 mA) for 40 minutes. The gel was imprinted on a Fujifilm BAS 5000 phosphor imager for 45
minutes and scanned. The gel was then incubated in Coomassie® Brilliant Blue R-250 (Bio-Rad)

for 20 minutes at room temperature before de-staining with de-staining solution.

2.6 PET Studies

One PET experiment using a normal BALB/c mouse was carried out to determine the
biodistribution and metabolic profile of **Cu-labeled HSA (47). Isoflurane in 100% oxygen (gas
flow, 1 L/min) was used as a general anesthetic. Body temperature was kept constant at 37 °C.
Following anesthetization, the mouse was immobilized in the prone position in the center field of
view of an Inveon® preclinical PET scanner (Siemens Preclinical Solutions, Knoxville, TN,
USA). Radioactivity of the injection solution in a 0.5 mL syringe was measured using a dose
calibrator (AtomlabTM 300, Biodex Medical Systems, New York, U.S.A.) prior to injection. The
emission scan of a 120 min dynamic PET acquisition was initiated. Following a 15 second delay,
~5 MBq of radiochemically pure **Cu-labeled HSA (47) in 200 pL of phosphate buffered saline
(PBS) was injected into the tail vein. Data acquisition continued for 120 min in 3D list mode. After
the experiment list mode data were sorted into sinograms with 61 time frames (10x2, 8x5, 6x10,
6x20, 8x60, 10x120 and 9%x300 s). In addition to the dynamic 120 min scan another static scan
was measured after 24 h p.i. with a scan duration time of 60 min. Image files were reconstructed
using maximum a posteriori (MAP) reconstruction mode. Correction for partial volume effects
was not performed. Image files were further processed using ROVER v2.0.21 software (ABX
GmbH, Radeberg, Germany). Masks defining 3D regions of interest (ROI) were set and the ROIs
were defined by 50% thresholding. Mean standardized uptake values [SUVmean = (activity/mL
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tissue)/(injected activity/body weight), mL/g] were calculated for each ROI and time-activity
curves were generated using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, U.S.A.).
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3.0 RESULTS
3.1 Synthesis of cyclic diazodicarboxamides and their application in tyrosine-click chemistry

To evaluate the application of tyrosine-click chemistry to PET radiochemistry as a
bioconjugation technique, '®F-lableled cyclic diazodicarboxamide derivatives were designed.
Cold reference compounds were synthesized, oxidation chemistry was explored and
bioconjugation with tyrosine-containing compounds was attempted in preliminary experiments.
Once these preliminary insights had been established, radiochemistry with fluorine-18 was carried

out.

3.1.1 Synthesis of cyclic diazodicarboxamides as cold reference compounds

The structures of five cyclic diazodicarboxamide derivatives were proposed for chemical

synthesis and subsequent tyrosine click (Figure 3. 1).
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Figure 3. 1. Proposed cyclic diazodicarboxamide derivatives.

The synthesis of cold reference compound N-[4-(3,5-dioxo-1,2,4-triazolin-4-yl)benzyl]-4-
fluorobenzamide (5) was attempted using two different synthesis strategies (Scheme 3.1 and

Scheme 3.2).
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Synthesis of N-[4-(3,5-dioxo-1,2,4-triazolin-4-yl)benzyl]-4-fluorobenzamide (5),
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Scheme 3.2. Synthesis of N-[4-(3,5-dioxo0-1,2,4-triazolin-4-yl)benzyl]-4-fluorobenzamide (5),

using an active ester.
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First, compound 1 was synthesized from commercially available ethyl carbazate (1) and 4-
nitrophenylchloroformate (2), using triethylamine as an auxiliary base to deprotonate the amine
group. After purification by column chromatography, compound 1 was obtained in 45% yield.
Compound 1 was then reacted with 4-[(N-Boc)aminomethyl]aniline and purified by column
chromatography to yield compound 2 in 30% yield. Cyclization of compound 2 with sodium
ethoxide followed by purification by filtration produced compound 3 in 73% yield and subsequent
BOC deprotection with trifluoroacetic acid produced compound 4 in 79% yield. Finally, synthesis
of compound 5 was attempted using both 4-fluorobenzyol chloride and succinimidyl 4-
fluorobenzoate. Following purification by column chromatography, it was determined that the

expected product was not formed in either reaction.

With the unsuccessful synthesis of this first cyclic diazodicarboxamide derivative, the
synthesis of cold reference compound 4-(4-fluorobenzyl)-1,2,4-triazoline-3,5-dione (7) was

attempted in just two steps (Scheme 3.3).
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Scheme 3.3. Synthesis of 4-(4-fluorobenzyl)-1,2,4-triazoline-3,5-dione (7).

Reaction of previously synthesized compound 1 with 4-fluorobenzylamine was carried out,
using N,N-diisopropylethylamine as an auxiliary base.  After purification by column
chromatography, compound 6 was obtained in 40% yield. Cyclization of compound 6 with
potassium hydroxide was attempted however it was determined that the cyclized product was not

formed.
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Next, the synthesis of cold reference compound 4-(3,5-dioxo-1,2,4-triazolidin-4-yl)-N-(4-

fluorobenzyl) benzene sulfonamide (9) was attempted in two steps (Scheme 3.4).

@ >\\NH _HsosCl >\\HN
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8 44%
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>//HN dry THF, dry TEA F4< >4 0 }fNH

1h,rt

Scheme 3.4. Synthesis of 4-(3,5-dioxo-1,2,4-triazolidin-4-yl)-N-(4-fluorobenzyl) benzene

sulfonamide (9).

Compound 8 was synthesized from commercially available 4-phenylurazole and
chlorosulfonic acid according to literature and was obtained in 44% yield [31]. Subsequent
reaction of compound 8 with 4-fluorobenylamine formed the expected product however, HPLC

purification resulted only in degradation of the product.

Synthesis of cold reference compound 4-{[(E)-(4-fluorophenyl)methylidene]amino}-

1,2,4-triazolidine-3,5-dione (10) was carried out in a single step (Scheme 3.5).
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Scheme 3.5. Synthesis of 4-{[(E)-(4-fluorophenyl)methylidene]amino}-1,2,4-triazolidine-3,5-
dione (10).
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Compound 10 was synthesized from commercially available urazine and 4-
fluorobenzaldehyde. After purification by washing with ether, compound 10 was obtained in 17%

yield.

Synthesis of the final cold reference compound di-tert-butyl {[4-(3,5-dioxo-1,2,4-
triazolidin-4-yl)benzylJoxy} carbamate (14) was attempted in five steps (Scheme 3.6).
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Scheme 3.6. Synthesis of di-tert-butyl {[4-(3,5-dioxo-1,2,4-triazolidin-4-yl)benzyl]oxy}
carbamate (14).
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Beginning with commercially available O-(4-Nitrobenzyl)hydroxylamine hydrochloride,
BOC protection of the amine group with BOC anhydride and purification by flash column
chromatography produced the BOC protected compound 11 in 88% yield. The nitro group was
then reduced to an amine with the use of sodium borohydride as a reducing agent in the presence
of a nickel acetate tetrahydrate catalyst. After purification by flash column chromatography,
compound 12 was obtained in 45% yield. Reaction of compound 12 with previously synthesized
compound 1 and purification by flash column chromatography produced compound 13 in 49%
yield. Cyclization of compound 13 with potassium hydroxide formed the cyclized compound 14
however, both flash column chromatography and preparative TLC failed to separate the cyclized

product from the impurities similar in retention factor.

3.1.2 Oxidation chemistry

The oxidation of urazoles to triazolinediones is a critical step in the synthesis of clickable
cyclic diazodicarboxamide precursors and can be accomplished using a variety of oxidants[32,
33]. Oxidants were tested using commercially available 4-phenylurazole as a precursor to produce
the cyclic diazodicarboxamide 4-phenyl-1,2,4-triazole-3,5-dione (PTAD) (Table 3.1). Oxidation
is indicated by a characteristic red colour change, except in the case of H-O, with hemin where the
colour change cannot be observed due to the dark colour of hemin. In this case, oxidation is
confirmed by characterization of the final clicked product. Following oxidation testing, N-
bromosuccinimide with pyridine, sodium nitrite with either acetic acid or trifluoroacetic acid and
1,3-dibromo-5,5-dimethylhydantoin were selected for use in cyclic diazodicarboxamide cold
synthesis. lodination tubes and iodination beads may be more useful for radiosynthesis, as they
are intended for small scale use with proteins and contain mild oxidizing agents compatible with

delicate biomolecules.
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Oxidizing Agent Colour Change

Potassium peroxymonosulfate No colour change
m-Chloroperbenzoic acid No colour change
N-bromosuccinimide, pyridine Red colour change
Sodium nitrite, acetic acid or trifluoroacetic acid Red colour change
1,3-dibromo-5,5-dimethylhydantoin Red colour change
1,3,4,6-tetrachloro-3a,6a-diphenylglucoluril (iodination tubes) Red colour change
N-chloro-benzenesulfonamide (iodination beads) Red colour change
H>0,, hemin *N/A

Table 3.1. Oxidation of 4-phenylurazole to produce cyclic diazodicarboxamide PTAD, indicated
by a red colour change. *Not applicable; colour change cannot be observed due to the dark colour

of hemin. Oxidation was confirmed by LCMS characterization of final clicked product.

3.1.3 Bioconjugation with tyrosine-containing compounds via tyrosine-click chemistry

Following oxidation testing, the oxidation and subsequent conjugation of compound 10

with phenol, L-tyrosine and tyrosine-containing peptide neurotensin NT(8-13) was attempted.

The conjugation of compound 10 with phenol was attempted using 1,3-dibromo-5,5-
dimethylhydantoin as an oxidant (Scheme 3.7). Following purification by HPLC, the expected

conjugate was produced in poor yields <5%.
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Scheme 3.7. Conjugation of compound 10 with phenol.

The conjugation of compound 10 with L-tyrosine was attempted using sodium nitrite as an
oxidant in the presence of acetic acid (Scheme 3.8). Following purification by HPLC, the expected

conjugate was produced in poor yields <5%.
OH
Pogn N P OH
N—N NH ®) _ N—N lll
O

NaNO,, acetic acid
10 1h, rt 16 <5% OH

Scheme 3.8. Conjugation of compound 10 with L-tyrosine.

The conjugation of compound 10 with neurotensin NT(8-13) was attempted using N-
bromosuccinimide as an oxidant in the presence of pyridine (Scheme 3.9). Following purification
by HPLC, it was determined that the expected conjugate was not formed. It is important to note
that repeating the reaction using 1,3-dibromo-5,5-dimethylhydantoin as an oxidant did not improve

yields.
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Scheme 3.9. Conjugation of compound 10 with neurotensin NT(8-13).

3.1.4 Radiochemistry with fluorine-18

With compound 10 as a cold reference, radiosynthesis was carried out using 4-

['®F]fluorobenzaldehyde as a prosthetic group for fluorine-18.

4-['8F]fluorobenzaldehyde (18) can be easily prepared from a 4-(trimethylammonium
triflate)benzaldehyde precursor [16]. 4-(trimethylammonium triflate)benzaldehyde, prepared
from 4-(dimethylamino)benzaldehyde, provides a good leaving group for subsequent
radiofluorination. Radiofluorination can be accomplished using [ '3F]fluoride, which was prepared
from ['*O]H,0 in a cyclotron and dried azeotropically. Dry ['*F]fluoride was then reacted with 4-
(trimethylammonium triflate)benzaldehyde to produce 4-['*F]fluorobenzaldehyde (18).
Following purification by C18-U cartridge, compound 18 was obtained in 71% radiochemical

yield (Scheme 3.10).
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Scheme 3.10. Radiosynthesis of ['*F]fluorobenzyaldehyde (18).
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The  radiosynthesis  of  4-{[(E)-(4-['*F]fluorophenyl)methylidene]amino}-1,2,4-
triazolidine-3,5-dione (19) was carried out with urazine and 4-['*F]fluorobenzaldehyde (18).

Without purification, compound 19 in 92% radiochemical purity (Scheme 3.11).
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15 min, 45 °C o)

19

Scheme 3.11. Radiosynthesis of 4-{[(E)-(4-['*F]-fluorophenyl)methylidene]amino}-1,2,4-
triazolidine-3,5-dione (19).

3.2 Synthesis of luminol derivatives and their application in tyrosine-click chemistry

To further evaluate the application of tyrosine-click chemistry to PET radiochemistry as a
bioconjugation technique, '®*F-lableled luminol derivatives were designed for comparison with the
previously designed cyclic diazodicarboxamides. Cold reference compounds were synthesized,
oxidation of luminol derivatives was explored and bioconjugation with tyrosine-containing
compounds was attempted in preliminary experiments. Once these preliminary insights had been

established, radiochemistry with fluorine-18 was carried out.

3.2.1.1 Synthesis of luminol derivatives as cold reference compounds

The synthesis of cold reference compound N-(4-fluorobenzyl)-2-methyl-1,4-dioxo-
1,2,3,4-tetrahydrophthalazine-6-carboxamide (23) was carried out in three steps: synthesis of an
N-substituted luminol derivative functionalized with a carboxylic acid group, activation of the
carboxylic acid group as either an active ester or an acid chloride and nucleophilic attack by 4-

fluorobenzylamine (Scheme 3.12 and Scheme 3.13).

34



0 | 0

~INS

HoN BOC _
HO O — ,Tl
acetic acid HO NH
o) 0 5 h, reflux 5 5
20 69%
l}l/
HO NH
anhydrous DMF
0] @) EDCI
20 18 h, rt
\N/@ anhydrous THF \©\/ \’((i::
18 h, rt
23 10%
Scheme 3.12. Synthesis of N-(4-fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-

tetrahydrophthalazine-6-carboxamide (23), using an active ester.
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Scheme 3.13. Synthesis of N-(4-fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-

tetrahydrophthalazine-6-carboxamide (23), using an acid chloride.

In the initial step, compound 20 was synthesized from commercially available 1,2,4-
benzenetricarboxylic anhydride and 1-Boc-1-methylhydrazine, using glacial acetic acid as a
reaction solvent and for removal of the Boc protecting group. After purification by washing with

ether, compound 20 was obtained in 69% yield.

Next, compound 20 was reacted with N-hydroxysuccinimide, using EDCI as the activating
carbodiimide, to yield compound 21. However, yield could not be determined due to the presence
of an impurity, despite purification by silica plug filtration and washing with ether. Similarly,
compound 22 was synthesized by reaction of compound 20 with thionyl chloride, which was also

used as the reaction solvent. After washing with ether, compound 22 was obtained in 98% yield.

Finally, compound 23 was synthesized using both an active ester and an acid chloride.
Compound 23 was synthesized by reaction of compound 21 with 4-fluorobenzylamine. Following

purification by flash column chromatography, compound 23 was obtained in 10% yield. Similarly,
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compound 23 was synthesized by reaction of compound 22 with 4-fluorobenzylamine. Following

purification by flash column chromatography, compound 23 was obtained in 10% yield.

3.2.2 Oxidation of luminol derivatives

Just as with urazoles, the oxidation of luminol derivatives to cyclic diazodicarboxamides
is a critical preliminary step for the tyrosine-click reaction. The oxidation capacity of a variety of
oxidizing agents was evaluated based on the oxidation of compound 23 and subsequent
conjugation with acetyl-L-tyrosine methyl amide (Table 3.1). Oxidizing agents tested included
oxidizing agents for iodination (1,3,4,6-tetrachloro-3a,6a-diphenylglucoluril and N-chloro-
benzenesulfonamide), traditional oxidizing agents (1,3-dibromo-5,5-dimethylhydantoin and N-
bromosuccinimide in the presence of pyridine) and hydrogen peroxide in the presence of hemin,
which has been previously used for the oxidation of luminol derivatives[27, 34]. The iodination
tubes and iodination beads failed to oxidize compound 23 while traditional oxidizing agents
partially oxidized compound 23, resulting in poor yields < 5%. Hydrogen peroxide in the presence

of hemin demonstrated improved oxidation, resulting in 42% yield.

Oxidizing Agent Yield (%)
1,3,4,6-tetrachloro-3a,6a-diphenylglucoluril (iodination tubes) No product
N-chloro-benzenesulfonamide (iodination beads) No product
1,3-dibromo-5,5-dimethylhydantoin <5%
N-bromosuccinimide, pyridine <5%
H>O,, hemin 42%

Table 3.2. Oxidation of N-(4-fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-tetrahydrophthalazine-6-

carboxamide (23) and conjugation with acetyl-L-tyrosine methyl amide.
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3.2.3 Bioconjugation of luminol derivatives with tyrosine-containing compounds via

tyrosine-click chemistry

Following the synthesis and optimization of oxidation of luminol derivatives, conjugation

with various tyrosine derivatives were attempted.

The conjugation of compound 23 with L-tyrosine was attempted using hydrogen peroxide
in the presence of hemin as an oxidant (Scheme 3.14). Following purification by HPLC, it was

determined that the expected conjugate was not formed.

OH
i H,N OH i
H N O H N"  OH
N NH > N N
o o DMSO
23 hemin, H,0, 24 OH
30 min, rt

Scheme 3.14. Conjugation of compound 23 with L-tyrosine.

Similarly, the conjugation of compound 23 with acetyl-L-tyrosine methyl amide was
attempted using hydrogen peroxide in the presence of hemin as an oxidant (Scheme 3.15).

Following purification by HPLC, compound 25 was obtained in 42% yield.
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Scheme 3.15. Conjugation of compound 23 with acetyl-L-tyrosine methyl amide.

Finally, the conjugation of compound 23 with neurotensin (8-13) was attempted using
hydrogen peroxide in the presence of hemin as an oxidant (Scheme 3.16). Following purification

by HPLC, it was determined that the expected conjugate was not formed.
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Scheme 3.16. Conjugation of compound 23 with neurotensin (8-13).
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3.2.4 Radiochemistry with fluorine-18

With compound 25 as a cold reference, radiosynthesis was carried out using 4-

['®F]fluorobenzylamine as a prosthetic group for fluorine-18.

4-['8F]fluorobenzylamine (28) can be easily prepared, both manually or using an
automated synthesis unit, from a 4-cyano-N,N,N-trimethylanilinium trifluoromethansulfonate
precursor, which provides a good leaving group for subsequent radiofluorination. ['®F]fluoride
was prepared from ['*O]H0 in a cyclotron and dried azeotropically. Dry ['"*F]fluoride was then
reacted with 4-cyano-N,N, N-trimethylanilinium trifluoromethansulfonate to produce 4-
['®F]fluorobenzonitrile  (27). 4-['"®F]fluorobenzonitrile  (27) was reduced to 4-
['®F]fluorobenzylamine (28), using sodium borohydride as a reducing agent in the presence of a
nickel chloride catalyst. Following purification by C18-U cartridge, compound 28 was obtained

in 24% radiochemical yield (Scheme 3.17) [30].

18 18
N\©\ ["BFIKF, Kygg, KoCO3 F\©\ NaBH,, NiCl, F\<jV
> _—
CN DMSO CN  THF, H,O NH

95°C, 15min 27 RT, 10min 28 249,

~
e

Scheme 3.17. Radiosynthesis of [!®F]fluorobenzylamine (28).

Radiosynthesis of compound 29 was carried out using both an active ester and an acid
chloride. The radiosynthesis of compound 29 was first carried out with compound 21 and 4-
['"®F]fluorobenzylamine (28). Compound 29 was produced in 78% radiochemical purity (Scheme
3.18). The radiosynthesis of compound 29 was then carried out with compound 22 and 4-
["*F]fluorobenzylamine (28). Compound 29 was produced in 82% radiochemical purity and
following purification by radio-HPLC, compound 29 was obtained in 48% radiochemical yield

(Scheme 3.19).
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15 min, rt

Scheme 3.18. Radiosynthesis of  N-(4-['8F]fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-

tetrahydrophthalazine-6-carboxamide (29), using an active ester.

anhydrous THF \©V 71/©f;
15 min, rt

29 48%

’

Scheme 3.19. Radiosynthesis of  N-(4-['®F]fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-

tetrahydrophthalazine-6-carboxamide (29), using an acid chloride.

Conjugation of compound 29 with acetyl-L-tyrosine methyl amide was carried out using
hydrogen peroxide in the presence of hemin as an oxidant. Following purification by radio-HPLC,

compound 30 was obtained in 27% radiochemical yield (Scheme 3.20).

OH

CH3CN:H20 1:1

i (0]
29 hemin, H,0, 30 27% HN
30 min, rt

Scheme 3.20. Conjugation of compound 29 with acetyl-L-tyrosine methyl amide.
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3.3 Synthesis of aryl diazonium salts and their application in tyrosine labeling chemistry

To evaluate the application of azo coupling to PET radiochemistry as a bioconjugation
technique, **Cu- and ®®Ga-labeled aryl diazonium salts were designed. Cold reference compounds
were synthesized and bioconjugation with tyrosine residues was attempted in preliminary
experiments. Once these preliminary insights had been established, radiochemistry with copper-
64 and gallium-68 was carried out and bioconjugation with tyrosine-containing biomolecules was

attempted.

3.3.1 Synthesis of aryl diazonium salts as cold reference compounds

The synthesis of cold reference compounds 35, 36, 37 and 38 were carried out in three

steps: chelation, diazotization and azo coupling with L-tyrosine and neurotensin NT(8-13).

2-S-(4-Aminobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-NH2-Bn-NOTA)
was used as a chelator. Copper and gallium chelates were prepared from ["'Cu]copper chloride
and ["Ga]gallium chloride. Following purification by HPLC, products were obtained in
quantitative yields and used for the next step (Scheme 3.21 and Scheme 3.22).

0 0
HO‘% 04%
T SN
N naCyCl, N Cu
o:(ik/N oH NH, 02(7 NH,
oH 7 M 0

Y N~ OH
NH,OAc buffer pH 5.5 NN g
EDTA 0

o)
24 h, rt 31

Scheme 3.21. Chelation of ["*Cu]copper chloride with p-NH»-Bn-NOTA.
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Scheme 3.22. Chelation of ["*Ga]gallium chloride with p-NH>-Bn-NOTA.

Diazotization of compound 31 and compound 32 was carried out using sodium nitrite under
acidic conditions. The respective diazonium salts were formed in situ and used without

purification (Scheme 3.23 and Scheme 3.24).

0 0
o—/g o—/g
AN AN
(\ N (\ N
N Cu (. NaNOa, Hel N Cu ¢
2 T K
0 O/\/N OH 0 N

\_§ 31 2 min, 4 °C A \_<OH33
0

0]

N

Scheme 3.23. Diazotization of "Cu-NOTA chelate.

¢ \ N\(\©\ ¢ GN\(\Q\
G N Ga

o ~ \_§ 32 2 min, 4 °C o \_<O 24

Scheme 3.24. Diazotization of "Ga-NOTA chelate.
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3.3.2 Azo coupling of aryl diazonium salts with tyrosine-containing biomolecules

Compounds 33 and 34 were then coupled with L-tyrosine. Coupling was carried out at pH
8-9 under mild, aqueous conditions. Following purification by HPLC, compounds 35 and 36 were

obtained in 28% and 7% yields, respectively (Scheme 3.25 and Scheme 3.26).

OH
O

0

o—/g 0‘%
N OH \\
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N Cu + 0]

/ OH Ns N OH

/
o N 1xPBSpH72 o N
33 i o 0
O 30 min, 4 °C 35 28%
OH
O
NH,
Scheme 3.25. Conjugation of compound 33 with L-tyrosine.
OH o
2 0
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\\ OH ("IN
( N\(\©\ " N Ga\
N Ga l = N
O:(’/ N0 NSy 0 - O:(X/N 0 v OH
o \/\_§ 1xPBS pH 7.2 O %
Y 34 30 min, 4 °C O 367%
OH
O
NH,

Scheme 3.26. Conjugation of compound 34 with L-tyrosine.

Compounds 33 and 34 were also coupled with neurotensin NT(8-13). Similarly, coupling
was carried out at pH 8-9 under mild, aqueous conditions. Following purification by HPLC,
compounds 37 and 38 were obtained in 76% and 66% yields, respectively (Scheme 3.27 and
Scheme 3.28).
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Scheme 3.27. Conjugation of compound 33 with neurotensin NT(8-13).
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Scheme 3.28. Conjugation of compound 34 with neurotensin NT(8-13).

45



Following isolation of compounds 37 and 38, ICso determination was carried out via a
radiometric competitive binding assay in neurotensin receptor 1 expressing HT-29 cells
(Helmholtz-Zentrum Dresden-Rossendorf). When compared to unmodified neurotensin NT(8-
13), "™Ga and "™'Cu-labeled neurotensin NT(8-13) demonstrated comparable binding affinity, with
ICso values of 42 picomolar and 163 picomolar, respectively (Table 3.3, Figure 3.2).

Peptide ICso value (pM)
NT(8-13) 33
Cu-NOTA-NT(8-13) 163
Ga-NOTA-NT(8-13) 42

Table 3.3. ICs values of neurotensin NT(8-13), "™Cu-labeled neurotensin NT(8-13) (37) and
"Ga-labeled neurotensin NT(8-13) (38).

1004
® NT(8-13)
= A Ga-NOTA-NT(8-13)
= ¥ Cu-NOTA-NT(8-13)
2
32 504
0-

14 42 10 -8 6 -4
log(Cpeptide)
Figure 3.2. Competitive binding curve of compound 37 and compound 38 compared to

neurotensin NT(8-13).
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3.3.3 Radiochemistry with copper-64 and gallium-68

Radiosynthesis of aryl diazonium salts was carried out using [**Cu]copper chloride and
[%¥Ga]gallium chloride for chelation with p-NH2-Bn-NOTA, followed by in situ diazotization of
chelates. [**Cu]copper chloride was obtained from Washington University (St. Louis, MO,
U.S.A), where it was prepared from ®Ni in a cyclotron. Chelation with p-NH»-Bn-NOTA
produced the expected chelate (39) in >98% radiochemical purity and was used without further
purification (Scheme 3.29). [*3Ga]gallium chloride was eluted from a [%®*Ga]gallium germanium-
68/gallium-68 generator using 0.6 M HCIl. Chelation with p-NH>-Bn-NOTA produced the
expected chelate (40) in >94% radiochemical purity and was used without further purification

(Scheme 3.30).

Ho—/g \Jg
N Nj/\©\NH2 ol (64cuj/\©\NH
O:(O:IK/N%OH :(7 \_<OH 2

0.1M NH4OAc buffer (pH 5.5)
o) 15 min, 37 °C 39 O

Scheme 3.29. Chelation of [**Cu]copper chloride with p-NH,-Bn-NOTA.

P, 54
. g
O:(O:INK/N%OH NH; :(7 \(\©\NH2

0.1M NH4OAc buffer (pH 5.5)
0 15 min, 37 °C 40 O

Scheme 3.30. Chelation of [**Ga]gallium chloride with p-NH»-Bn-NOTA.

Diazotization of compound 39 and compound 40 was carried out using sodium nitrite under
acidic conditions. The respective diazonium salts were formed in situ and used without
purification (Scheme 3.31 and Scheme 3.32). Radiochemical purity could not be determined due

to instability of diazonium salts on TLC however, complete conversion is expected.
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Scheme 3.31. Diazotization of **Cu-NOTA chelate.
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Scheme 3.32. Diazotization of ®®Ga-NOTA chelate.

3.3.4 Azo coupling of radiolabeled aryl diazonium salts with tyrosine-containing

biomolecules

Following radiosynthesis, the utility of these radiometal-containing aryl diazonium salts
was evaluated via coupling with tyrosine residues on the amino acid, peptide, protein and

nanoparticle level.

4Cu and %*Ga-labeled diazonium salts were first tested in a coupling reaction with L-
tyrosine. With compound 35 and compound 36 as cold references, coupling of compound 41 and
compound 42 with L-tyrosine was carried out at pH 8-9 under mild, aqueous conditions.
Following purification by radio-HPLC, compound 43 and compound 44 were obtained in 56% and
80% radiochemical yields, respectively (Scheme 3.33 and Scheme 3.34).
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Scheme 3.33. Conjugation of compound 41 with L-tyrosine.
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Scheme 3.34. Conjugation of compound 42 with L-tyrosine.

Next, the ability of ®*Cu and %®Ga-labeled diazonium salts to couple with model peptide
neurotensin NT(8-13) was evaluated. Neurotensin NT(8-13) is a hexapeptide which contains a
single tyrosine residue, which is preceded by two arginine residues and a proline residue and
followed by an isoleucine and a leucine residue. With compound 37 and compound 38 as cold
references, coupling of compound 41 and compound 42 with neurotensin NT(8-13) was carried
out at pH 8-9 under mild, aqueous conditions. Following purification by radio-HPLC, compound
45 and compound 46 were obtained in 19% and 45% radiochemical yields, respectively (Scheme

3.35 and Scheme 3.36).
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Scheme 3.35. Conjugation of compound 41 with neurotensin NT(8-13).
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Scheme 3.36. Conjugation of compound 42 with neurotensin NT(8-13).
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o) e \—< 0.1 M borate buffer (pH 8.8)

While labeling of amino acids and peptides does not necessarily require mild reaction
conditions, labeling of delicate proteins requires mild aqueous conditions and for this reason is
often more challenging. To demonstrate the value of this technique in protein labeling chemistry,
84Cu-labeled compound 41 was used to label model protein human serum albumin (HSA). HSA
contains 18 tyrosine residues and is a common blood pool marker, which makes it a good candidate
for PET studies. For this reason, the $Ga-labeled compound 42 was not used due to the short half-
life of ®®Ga (67.7 minutes), which is not useful for monitoring later time points in vivo. Coupling
of compound 41 with HSA was carried out at pH 8-9 under mild, aqueous conditions. Following
purification by size exclusion chromatography (SEC), compound 47 was obtained in 20%

radiochemical yield, and >95% radiochemical purity (Scheme 3.37).

0] 15 min, 4 °C

Scheme 3.37. Conjugation of compound 41 with HSA.

To further characterize the ®*Cu-labeled HSA (47) after SEC purification, an aliquot was
taken for SDS-PAGE analysis. Coomassie staining and the corresponding radioactive scan of the
gel clearly shows the expected 66 kDa band, indicating radiolabeled HSA in the radiochemically
pure fractions isolated by SEC purification (lanes 3 — 6) as well as in the crude reaction mixture

prior to SEC purification (lane 9) (Figure 3.3).
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Figure 3.3. SDS-PAGE with coomassie stain and radioactive scan. Lane 1 ladder, lane 2 cold
HSA, lanes 3 — 6 radiochemically pure fractions, lanes 7 — 8 %*Cu-labeled p-NH,-Bn-NOTA, lane

9 crude reaction mixture, lane 10 ladder.

Once %*Cu-labeled HSA (47) was isolated, a normal BALB/c mouse was injected with 5
MBq of %*Cu-labeled HSA (47) in 200 pL of phosphate buffered saline (PBS) and monitored for
up to 24 hours post-injection (Figure 3.4). PET studies show significant heart uptake and slow

blood pool clearance. Time-activity curves show primarily liver metabolism (Figure 3.5).

0 sSuv 10 0 sSuv 10

Figure 3.4. Coronal PET images of 5 MBq of **Cu-labeled HSA in normal BALB/c mouse.

52



22
20
18+
16+
144

-@-heart (1)

Suv

onNr OO

°
T T T T T T T —r—
0 20 40 60 80 100 120 24 h
Time [min]

—&liver (1)

Suv

11 A

T T T T T T T ——
0 20 40 60 80 100 120 24h
Time [min]

- kidneys (2/1)

suv
S 2N RGO Y

v

T T T T T T T —_——
0 20 40 60 80 100 120 24 h
Time [min]

Figure 3.5. Time-activity curves of **Cu-labeled HSA in the heart, liver and kidneys of normal

BALB/c mouse.
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Finally, this labeling technique was applied to nanoparticles. **Cu-labeled compound 41
was used to label tobacco mosaic virus (TMV), a 300 nm rod-shaped virus with a tyrosine-
containing protein capsid. Coupling of compound 41 with TMV was carried out at pH 8-9 under
mild, aqueous conditions. Following purification by size exclusion chromatography (SEC),
compound 48 was obtained in 9% radiochemical yield, and >94% radiochemical purity (Scheme
3.38).

OH
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N ’ : N
o) Il N~ OH Nsy N OH
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(0] 15 min, 4 °C
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Scheme 3.38. Conjugation of compound 41 with TMV.
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4.0 DISSCUSSION
4.1 Stability of cyclic diazodicarboxamides in the tyrosine-click reaction

As strong dienophiles, diazodicarboxamides participate in ene-like reactions with diene
derivatives. Cyclic diazodicarboxamides, specifically triazolinediones such as MTAD and PTAD,
have recently been reported to participate in a click reaction with the phenol ring of tyrosine [23,
24]. The reactivity of such cyclic diazodicarboxamides can be attributed, in part, to the cis
configuration of the azo bond and are typically prepared from urazoles by oxidation of the
nitrogen-nitrogen single bond to a double bond [35]. However, their synthesis can be challenging
due to the instability of triazolinediones as well as their sensitivity to water, light, heat, acids and
bases [36]. Optimization of the oxidation step included nitrogen (IV) oxides and halogens as
oxidants, as well as other oxidation methods, which were often carried out immediately before use
in the next reaction due to the instability of the oxidized compound [37]. Based on these early
examples in literature, the synthesis of a small library of triazolinedione derivatives was attempted
for use as cold reference compounds. Unfortunately, the majority of the proposed derivatives,
such as compound 5 and compound 7, could not be formed, or in the case of compound 9 and
compound 14, were formed based on TLC and LCMS analysis of the crude reaction mixture but
could not be isolated, as only evidence of degradation was observed following purification of
compound 9 by HPLC and multiple side products with retention factors similar to that of
compound 14 prevented isolation by both flash column chromatography and preparative TLC. Of
the proposed derivatives, compound 10 was successfully isolated and characterized by 'H NMR
and MS. However, when conjugation of compound 10 with phenol and L-tyrosine was attempted
using a variety of different oxidants, including N-bromosuccinimide with pyridine, sodium nitrite
with either acetic acid or trifluoroacetic acid and 1,3-dibromo-5,5-dimethylhydantoin, clicked
products were obtained in very poor yields (<5%). This is likely due to the instability and
inevitable degradation of these compounds shortly after oxidation. Interestingly, when
conjugation of compound 10 with tyrosine-containing peptide neurotensin NT(8-13) was
attempted, the expected clicked product was not present and only a degradation product was
observed, based on MS analysis. However, this degradation product consists of a urazine clicked
to neurotensin NT(8-13), which suggests that the cyclic diazodicarboxamide clicked to neurotensin

NT(8-13) first and then degraded shortly afterwards, leaving the urazine component of the cyclic
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diazodicarboxamide clicked to neurotensin NT(8-13) (Figure 4.1). This result further supports the
conclusion that low yields are partially attributable to the instability of the cyclic
diazodicarboxamide rather than of the efficiency of the tyrosine-click reaction. Using compound
10 as a cold reference, the '*F-containing compound 19 was synthesized in excellent radiochemical
purities (>91%) without purification. Unfortunately, since conjugation of compound 10 with
neuroteinsin NT(8-13) was unsuccessful, conjugation of the '*F-containing compound 19 with the
tyrosine-containing peptide could not be evaluated, as a cold reference could not be generated.
Therefore, tyrosine-click chemistry with triazolinediones is not a feasible approach for the

incorporation of '®F into tyrosine-based biomolecules, due to the instability of these compounds.

HNYNHZ

NH

0 0
H H H
N N N
H,oN \/Uéjj( \)J\Hk/':’( OH
of
P

Figure 4.1. Urazine-neurotensin NT(8-13) conjugate.

In contrast, the synthesis of cyclic diazodicarboxamides from luminol derivatives has
proven to be less challenging. Luminol derivatives have recently been reported as a more stable
alternative to the traditionally used triazolinediones in the tyrosine-click reaction [29]. Their
improved stability, which is attributed to their phthalazinedione sub structure, allows for improved
chemoselectivity and yields in comparison with the previously used triazolinediones, which
degrade to produce an electrophilic isocyanate product. Oxidation can be carried out in sifu using
hydrogen peroxide as an oxidant in the presence of a hemin or horseradish-peroxidase catalyst, in
a one pot reaction with tyrosine-containing compounds [38]. Prior to the synthesis of luminol
derivatives as cold reference compounds, the effect of N-substitution on the reactivity of luminol

derivatives was evaluated. Luminol derivatives with either an N-phenyl or an N-methyl group
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were synthesized and their reactivity was compared with that of commercially available
phthalhydrazide (Figure 4.2). Following conjugation with p-cresol, using the hydrogen peroxide
with hemin oxidation system, an overall increase in yield was observed with the N-substituted
derivatives. Specifically, a 20% increase was observed for the N-methyl substituted derivative.
These results were consistent with that of the literature, where a 34% increase in yield was reported
with N-methyl substituted derivatives [29]. Based on these preliminary results, the synthesis of an
N-methylated luminol derivative was attempted. Following a simple three step synthesis, simple
purification by flash column chromatography and characterization by 'H NMR, *C NMR and
LCMS, compound 23 was obtained. The superiority of the hydrogen peroxide with hemin
oxidation system was demonstrated by oxidation testing with compound 23 using either N-
bromosuccinimide with pyridine, 1,3-dibromo-5,5-dimethylhydantoin or hydrogen peroxide with
hemin as oxidants in a click reaction with acetyl-L-tyrosine methyl amide. The use of hydrogen
peroxide with hemin oxidation system resulted in a 37% increase in yield when compared to the
other oxidants. Moving forward, the conjugation of compound 23 with L-tyrosine and acetyl-
Ltyrosine methyl amide was attempted. Using the hydrogen peroxide with hemin oxidation
system, conjugation with both L-tyrosine and acetyl-L-tyrosine methyl amide was carried out as a
one pot reaction. Unfortunately, the tyrosine-click reaction was not successful with L-tyrosine and
was only successful when both the N-terminus and C-terminus were protected. Interestingly,
literature does not report conjugation of luminol derivatives with L-tyrosine but rather acetyl-L-
tyrosine methyl amide or tyrosine-containing angiotensin II [29]. Despite these reports,
conjugation of compound 23 with tyrosine-containing peptide neurotensin NT(8-13) was not
successful. Further investigation into conjugation of luminol derivatives with other tyrosine-
containing peptides was not carried out. Using compound 23 and 25 as cold references, the '*F-
containing compound 29 was synthesized and isolated in 48% radiochemical yield, using radio-
HPLC. Subsequent conjugation of compound 29 with aectyl-L-tyrosine methyl amide produced
the expected conjugate in 27% radiochemical yield, following purification by radio-HPLC.
Unfortunately, since conjugation of compound 23 with neuroteinsin NT(8-13) was unsuccessful,
conjugation of the '*F-containing compound 29 with the tyrosine-containing peptide could not be
evaluated, as a cold reference could not be generated. Therefore, tyrosine-click chemistry with
luminol derivatives may be a feasible approach for the incorporation of '8F into tyrosine-based

biomolecules, though it requires further optimization.
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Figure 4.2. N-substitution of luminol derivatives; phthalhydrazide and N-phenyl and N-methyl

substituted derivatives.

4.2 A pre-labeling approach to the preparation of radiometal-containing aryl diazonium salts

Aryl diazonium salts are known to undergo an electrophilic aromatic substitution reaction
with electron rich aromatic systems, forming a diazo bond [19]. They can therefore act as highly
reactive precursors for an azo coupling reaction with the phenol ring of tyrosine and are most
reactive near pH 9 [20]. Typically, radiometal-protein conjugates are prepared using a post-
labeling approach, in which chelator-containing aryl diazonium salts are first coupled with a
tyrosine-containing protein followed by a final chelation step [22]. However, when this strategy
was implemented for the synthesis of a NOTA-tyrosine conjugate and a NOTA-peptide conjugate,
coupling was not successful. The coupling of p-NH>-Bn-NOTA with L-tyrosine was attempted
several times using a variety of different reaction conditions (Table 4.1). Unfortunately, no
coupled product was observed based on LCMS analysis of the crude reaction mixture as well as
LCMS analysis of peaks collected after HPLC separation. To determine if the charged NOTA
starting material or the reaction conditions themselves were responsible for the lack of coupling,
the coupling of 3-fluoroaniline with L-tyrosine was attempted using the same reaction conditions
(Table 4.2). Surprisingly, coupled products were observed in both attempts. As well, the coupling
of p-NH>-Bn-NOTA with neurotensin NT(8-13) was also attempted in 1 x PBS (pH 7.2) and the
pH was adjusted to 8 with the addition of a small amount of sodium hydroxide. As expected, no
coupled product was observed and only unreacted neurotensin NT(8-13) was present, based on
LCMS analysis. Since the only variable that differed between successful and unsuccessful
attempts was the starting material, it can be concluded that the NOTA starting material is
interfering with the coupling reaction and it was hypothesized that the charge on the carboxyl

groups is decreasing the reactivity of the diazonium salt (Figure 4.3).
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Attempt Solvent pH Result

1 HCI:NaOH 1:1 8 No coupling
2 HCIL:NaOH 1:1 8 No coupling
3 1 x PBS (pH 7.2) 8 No coupling
4 1 x PBS (pH 7.2) 6 No coupling
5 HCIL:NaOH 1:1 10 No coupling

Table 4.1. Reaction conditions tested in each attempted coupling of p-NH>-Bn-NOTA with L-

tyrosine.
Attempt Solvent pH Result
1 HCI:NaOH 1:1 8 Coupled product
2 HCI:NaOH 1:1 10 Coupled product

Table 4.2. Reaction conditions tested in each attempted coupling of 3-fluoroaniline with L-

tyrosine.
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Figure 4.3. Comparison of azo coupling reactions using p-NH>-Bn-NOTA and 3-fluoroaniline

starting material.

To test this hypothesis, the pre-labeling approach was implemented for the synthesis of a
NOTA-tyrosine conjugate and a NOTA-peptide conjugate. When an initial chelation step was
carried out with cold "'Cu or "™Ga, thereby reducing or neutralizing the charge on NOTA, coupling
with L-tyrosine and neurotensin NT(8-13) was successful and compounds 35, 36, 37 and 38 were
obtained. The pre-labeling approach also proved successful when applied to radiochemistry.
Using compound 35 and compound 36 as cold references, **Cu- and ®3Ga- labeled L-tyrosine was
prepared, based on the pre-labeling strategy. The entire synthesis was carried out in under an hour
and included three simple steps; pre-labeling with the appropriate radiometal, diazonium salt
formation and bioconjugation via azo coupling. No purification was required after the first two
steps and only a simple HPLC purification was required after the final bioconjugation step. The
final bioconjugation step was carried out under mild, aqueous conditions, making this conjugation

strategy applicable to delicate biomolecules, such as proteins. Using compound 37 and compound
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38 as cold references, **Cu- and ®3Ga- labeled neurotensin NT(8-13) was also prepared under the
same reaction conditions, based on the pre-labeling strategy. Therefore, this pre-labeling approach
is key to the use of chelator-containing diazonium salts for introduction of radiometals into

tyrosine-containing peptides and proteins.

4.3 The behavior of diazo-conjugates in vitro and in vivo

Modification of peptides and proteins can affect affinity and receptor binding, which can
be problematic when designing targeted tracers or therapeutics. The described bioconjugation
technique using radiometal-containing aryl diazonium salts introduces a rather bulky NOTA group
which could potentially have a negative impact on receptor binding. To test this, a radiometric
competitive binding assay was carried out to determine the ICso values of modified neurotensin
NT(8-13) in comparison with unmodified neurotensin NT(8-13). The "Cu- and ""Ga-containing
cold reference compounds 37 and 38 were found to have ICso values of 163 pM and 42 pM,
respectively. These values are very comparable to that of unmodified neurotensin NT(8-13),
which was found to have an ICso value of 33 pM. These results demonstrate that peptide
modification did not negatively impact receptor binding, despite the addition of a bulky group. It
is also important to note that the introduction of a charged group, "'Cu-labeled neurotensin NT(8-
13) (37), did not significantly impact receptor binding (Figure 4.4). Previous attempts in literature
to modify neurotensin NT(8-13) included the synthesis of lysine-functionalized and glutamic acid-
functionalized monomeric, dimeric and tetrameric peptides [39]. Lysine-functionalized peptides
linked at the C-terminus were determined to have ICso values nearly two orders of magnitude
greater than that of the unmodified peptide and glutamic acid-functionalized peptides linked at the
N-terminus were determined to have ICso values one order of magnitude greater than that of the
unmodified peptide, with the exception of the PEGylated tetramer which demonstrated comparable
binding kinetics to that of the unmodified peptide. Another attempt to modify neurotensin NT(8-
13) included the synthesis of amino-oxyacetic acid-functionalized dimeric and tetrameric peptides
where were subsequently labeled with '8F. The dimeric peptide was determined to have an ICso
value one order of magnitude greater than that of the unmodified peptide whereas the tetrameric
peptide demonstrated comparable binding kinetics to that of the unmodified peptide [40]. Here,

the described azo coupling strategy with radiometal-containing aryl diazonium salts resulted in
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modified peptides with ICso values comparable to that of the unmodified peptide. It can therefore
be concluded that this applied bioconjugation technique is a feasible strategy for the introduction

of radiometals into peptides or proteins, without disturbing binding kinetics.

Charged Neutral

IC50 163 pM o] IC5o 42 pM 0

Figure 4.4. Comparison of the effect of charge on receptor binding; charged compound 37 and

neutral compound 38.

With favorable results from in vitro binding studies, the in vivo behavior and stability of a
modified protein was also evaluated. As a well characterized blood pool marker, HSA was used
as a model protein for in vivo studies. PET imaging of a normal BALB/c mouse injected with 5
MBq of radiochemically pure ®*Cu-labeled HSA (47) in 200 pL of PBS showed expected
biodistribution and metabolic profiles. Significant heart uptake and slow blood pool clearance
were observed, characteristic of HSA as a blood pool marker. Primarily liver metabolism was
observed, which is characteristic of larger biomolecules. These results are comparable to recent
literature, in which RSA and HSA was radiolabeled via lysine or cysteine residues. When '8F-
labeled RSA was prepared through conjugation of ['8F]2,3,5,6-tetrafluorophenyl 6-
fluoronicotinate (['®F]F-Py-TFP) with lysine residues, PET studies showed comparable
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biodistribution and metabolic profiles, with the exception of increased muscle uptake and
increased kidney metabolism [41]. When %*Cu-labeled HSA was prepared through conjugation of
DOTA-NHS ester with lysine or conjugation of DOTA-maleimide with a cysteine residue for post-
labeling with ®*Cu, PET studies showed comparable biodistribution and metabolic profiles, with
the exception of increased kidney metabolism [42]. The favourable in vivo profile of **Cu-labeled
HSA, prepared using the described diazonium-based tyrosine labeling method, further

demonstrates the feasibility of this strategy for the introduction of radiometals into proteins.

4.4 Diazonium salts: a pH-dependent chemoselectivity for tyrosine?

The chemoselectivity of diazonium salts for tyrosine and histidine has been previously
studied [43, 44]. However, attempts to demonstrate the effect of pH on chemoselectivity have
provided varying results. Theoretically, histidine which has a pK. of 6 should be most nucleophilic
and therefore most reactive when deprotonated near pH 7 and tyrosine which has a pKa of 10
should be most reactive near pH 11 [45]. Early studies on the effect of pH on chemoselectivity
demonstrated more selectivity for tyrosine at pH 8.5 but increased selectivity for histidine at pH
9.1 and greater [46]. Contrarily, more recent studies demonstrated more selectivity for tyrosine
derivatives at pH values ranging from 4 to 10, with a significant increase in selectivity at pH values
greater than 7 [47]. The chemoselectivity of radiometal-containing aryl diazonium salts for
tyrosine and histidine was investigated over a range of pH values. In a set of ‘challenge’ style
experiment, *Cu- and ®Ga-labeled diazonium salts in ammonium acetate buffer were reacted with
equimolar equivalents of L-tyrosine and L-histidine in borate buffer over a range of pH values
(Figure 4.5). The ratio of tyrosine to histidine coupling was determined by HPLC. At pH 7,
predominantly **Cu- and %®Ga-labeled histidine was observed and at pH 8-9, predominantly %*Cu-
and *®Ga-labeled tyrosine was observed, specifically 43% tyrosine labeling versus 17% histidine
labeling. Interestingly, when sodium acetate buffer was used in place of ammonium acetate buffer
only histidine labeling was observed, across all pH values. pH values in the range of 10 or greater
were not tested as they are too harsh for protein labeling. A histidine challenge experiment was
also carried out using the cold "™ Cu-labeled compound 33 and 64% tyrosine labeling versus 36%
histidine labeling was observed at pH 9, which is comparable with the results from the %*Cu and

8Ga experiments. While these results are preliminary and may require further investigation, they
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suggest a trend of chemoselectivity for histidine at pH 7 and chemoselectivity for tyrosine at pH

9. Therefore, coupling of radiometal-containing aryl diazonium salts with peptides and proteins

should be carried out at pH 9 if tyrosine selectivity is desired.
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Figure 4.5. Histidine challenge; coupling of ®*Cu- and **Ga-labeled compounds 41 and 42 with

L-tyrosine or L-histidine over a range of pH values.
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5.0 SUMMARY

This thesis aimed to chemoselectively introduce radionuclides onto tyrosine residues under
mild conditions. Bioconjugation techniques that target tyrosine include azo coupling, Mannich-
type reactions, tyrosine-click chemistry, Pd-mediated cross-coupling and oxidative coupling (
Figure 1.4) [20]. Of these bioconjugation techniques, tyrosine-click chemistry and azo coupling
were explored to test the hypothesis that their application to PET radiochemistry would result in
the chemoselective bioconjugation of radionuclides with delicate tyrosine-based biomolecules

under mild conditions. This hypothesis was verified by:

1) The radiosynthesis of '®F-labeled luminol derivatives followed by tyrosine-click with acetyl-

L-tyrosine methyl amide.

2) The preparation of **Cu- and **Ga-labeled diazonium salts and their subsequent azo coupling

with L-tyrosine, neurotensin NT(8-13), HSA and TMV.

8F_labeled luminol derivative N-(4-['®F]fluorobenzyl)-2-methyl-1,4-dioxo-1,2,3,4-
tetrahydrophthalazine-6-carboxamide (29) was prepared from ['*F]fluorobenzylamine (28) and an
acid chloride starting material. Subsequent oxidation and bioconjugation with acetyl-L-tyrosine
methyl amide in a one-pot reaction afforded the expected conjugate in 27% radiochemical yield.
Oxidation using hydrogen peroxide as an oxidizing agent in the presence of hemin as a catalyst
demonstrated improved oxidation when compared with other oxidizing agents, such as 1,3-
dibromo-5,5-dimethylhydantoin, = N-bromosuccinimide, 1,3,4,6-tetrachloro-3a,6a-diphenyl-
glucoluril coated iodination tubes and N-chloro-benzenesulfonamide coated iodination beads.
Bioconjugation was carried out under mild aqueous conditions and the entire radiosynthesis,

including bioconjugation, was carried out within 60 minutes.

%4Cu- and %®Ga-labeled diazonium salts were prepared using [**Cu]copper chloride and
[*¥Ga]gallium chloride for chelation with p-NH,-Bn-NOTA, followed by in situ diazotization.

Bioconjugation of **Cu-labled compound 41 with L-tyrosine and neurotensin NT(8-13) afforded
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the expected conjugates in 56% and 19% radiochemical yield, respectively. Similarly,
bioconjugation of ®*Ga-labeled compound 42 with L-tyrosine and neurotensin NT(8-13) afforded
the expected conjugates in 80% and 45% radiochemical yield, respectively. ICso determination
using the corresponding " Cu- and "Ga-labeled neurotensin NT(8-13) cold reference compounds
showed comparable binding affinity to that of the unmodified peptide in neurotensin receptor 1
expressing HT-29 cells, with ICso values in the picomolar range. Moreover, bioconjugation of
64Cu-labled compound 41 with HSA and TMV afforded the expected conjugates in 20% and 9%
radiochemical yield, respectively. PET studies carried out using 5 MBq of ®*Cu-labled HSA (47)
showed the expected biodistribution and metabolic profile in a normal BALB/c mouse. In all
cases, bioconjugation was carried out under mild aqueous conditions and the entire radiosynthesis,

including bioconjugation, was carried out within 60 minutes.

In summary, these results demonstrate the utility of the described luminol-based tyrosine-

click chemistry technique and azo coupling technique for application in PET radiochemistry.
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6.0 CONCLUSION AND FUTURE WORK

It can be concluded that luminol-based tyrosine-click and azo coupling are both feasible
approaches for PET radiochemistry. Radiolabeled luminol derivatives provide a potentially
promising strategy for the incorporation of radionuclides into tyrosine-containing compounds but
further optimization of the oxidation chemistry may be necessary. Radiometal-containing aryl
diazonium salts provide a more promising strategy for the incorporation of radiometals into
tyrosine-containing biomolecules. This strategy has been applied on the amino acid, peptide,
protein and nanoparticle level and bioconjugation was carried out under mild aqueous conditions
within 60 minutes. The applied mild reaction conditions make this strategy compatible with
delicate biomolecules and the reasonable time frame of 60 minutes allows application of this

strategy to a variety of short-lived positron emitters.

Future work on the luminol-based tyrosine-click approach should focus on further
optimization of the oxidation chemistry and the labeling of tyrosine-containing peptides. This
approach may also be expanded to include other radionuclides. Future work on the azo coupling
approach may include radiolabeling higher molecular weight tyrosine-containing biomolecules,

such as antibodies and liposomes.
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APPENDIX
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