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Abstract

This dissertation is focused on applying aryltrifluoroborates (ArBFss) as PET
imaging agents. Several aspects of this new '“F-labeling technique are addressed.
These include the hydrolytic stability of heteroaryltrifluoroborates (HetArBFs;s), the
fluoridation of arylboronic acids/esters and the radiosyntheses of several '*F-ArBF;
labeled biomolecules for potential PET imaging applications. The solvolysis of
several N-HetArBF;s under physiological conditions was studied with YF NMR
spectroscopy in Chapter 2. All the N-HetArBF;s tested therein displayed excellent
solvolytic stability under physiological conditions. It is expected that these

HetArBF;s can be further applied as '*F-labeled PET imaging agents.

In Chapter 3, a rapid fluoridation was carried out under conditions with low fluoride
concentrations in a short reaction time (~ one hour). Via TLC-fluorescent
densitometry, '’F NMR spectroscopy, and radio-HPLC, the fluoridation of different
arylboronic acids/esters was investigated. It was found that the fluoridation occurs
relatively rapidly in the presence of 3 to 5 equivalents of fluoride in acidic aqueous
CH;CN at room temperature. Under such conditions, radiochemical yields of 20-30%
can be achieved. It was also noticed that arylboronates with acid-sensitive protecting

groups could undergo fluoridations rapidly comparable to the arylboronic acids.

In Chapter 4, marimastat, an MMP inhibitor, was labeled with an BE_ArBF; to
image breast cancer in mice. An unoptimized isolated radiochemical yield of ~ 1.5%
and specific activities of 0.179 and 0.396 Ci/umol were obtained within two hours
including packaging. The blocking experiment suggested that the tumor uptake of
Mar-"*F-ArBF; was MMP specific. This one-step aqueous fluoridation was also
applied to label a urea-based PSMA inhibitor (Chapter 5) and RGD-containing
cyclopeptides (Chapter 8). Radiochemical yields ranging from 10% to 25% were
obtained within one hour and good HPLC separation was achieved. In addition, a
one-pot two-step labeling strategy was developed in Chapter 6 to label acid-sensitive
biomolecules with "*F-ArBFss. The copper(I) catalyzed 1,3-dipolar cycloaddition was
successfully used to conjugate E_ArBFss  with biomolecules including
oligonucleotides (Chapter 6), folate (Chapter 7), and a cyclic RGD-peptide (Chapter 8)

with radiochemical yields of 20-30% over two steps in one hour.
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Preface

The projects presented in this dissertation are done in collaboration with many
people. Therefore, “we” and “our” are used in many parts of this thesis. Throughout
the whole dissertation, Dr. David M. Perrin and I designed most of the projects and
set the goals of this thesis together. I have performed the majority of the work
presented in this dissertation, and any contribution from other people is described in
this section. Papers already published or manuscripts based on the work in this thesis
were co-written by Dr. Perrin and me. Former students in the Perrin lab carried out a
small number of the reactions presented as data in this thesis and their contribution

will be stated in this part.

The study presented in Chapter 2 was published in J. Fluorine Chem. in 2008 as
“Hydrolytic Stability of Nitrogenous-Heteroaryltrifluoroborates under Aqueous
Conditions at Neutral pH”. In this work, Dr. Ali Asadi prepared boronate ester 2.4. |
synthesized all the other boronic acids/esters and prepared all the
heteroaryltrifluoroborates (HetArBFss). I also performed the '’F NMR experiments

and data analysis.

The work in Chapter 4 was published in Cancer Res. in 2010 as “Novel Matrix
Metalloproteinase Inhibitor ['*F]Marimastat-Aryltrifluoroborate as a Probe for in vivo
Positron Emission Tomography Imaging in Cancer” and Med. Chem. Comm. in 2011
as “Towards kit-like '*F-labeling of marimastat, a noncovalent inhibitor drug for in
vivo PET imaging cancer associated matrix metalloproteases” respectively in
collaboration with Dr. Christopher M. Overall. Dr. Perrin and Dr. Overall initiated
this collaboration in order to image breast cancer with marimastat-'*F-
aryltrifluoroborate  (Mar-'*F-ArBF;) 4.15. Dr. Curtis Harwig designed and
accomplished the initial synthesis of marimastat-arylboronate 4.14 and the fluorescent
marimastat-FITC 4.19. Dr. Richard Ting did the initial radiolabeling experiments. I
also synthesized 4.14 and all the other hydroxamic acids tested in this chapter. I
developed the HPLC method for the isolation of 4.15 and performed the ferroin test
and acid stability studies. I also studied the radiolabeling conditions to prepare
Mar-"*F-ArBF; 4.15. Dr. David Perrin performed the radiolabeling experiments and
formulation for the animal imaging experiments. Dr. Ulrich auf dem Keller, Dr.

Caroline L. Bellac, Dr. Philipp F. Lange, and Dr. Reinhild Kappelhoff carried out all
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the biological experiments including the inhibition assay and binding test; Dr.
Yuanmei Lou and Dr. Shoukat Dedhar prepared the animal models including tumor
cell implantations, while Drs. auf dem Keller and Bellac along with Ms. Siobhan
McCormick carried out the tail vein injections and PET scan experiments. Dr.
Francois Benard assisted in the imaging reconstruction; Dr. Tom J. Ruth, Dr. Mike
Adam, and Dr. Paul Schaffer at TRIUMF provided supervision in the hot lab. Mr.
Wade English and Ms. Linda Graham operated the cyclotron to generate '*F-fluoride
from '*0-H,0. Dr. Mike Adam trapped and released '*F-fluoride from the anion
exchange column and also concentrated the fluoride solution under helium flow. Mr.
James A. H. Inkster performed the radio-HPLC purifications on the Waters system.
Mr. Peter Tian, an undergraduate NSERC summer student whom I supervised, helped
to synthesize some 4.14 for studies at the Center for Probe Development and

Commercialization (CPDC).

For other chapters, I performed all the experiments, including the syntheses of
precursors, '’F NMR studies, and radiolabeling experiments. Ms. Shiqing Tang, an
exchange student from Singapore whom 1 supervised, helped to synthesize
BODIPY-boronate 3.6, the precursor 5.8 for the urea-based PSMA inhibitor, and
some precursors for RGD-peptide synthesis. Ms. Angela Leung, an undergraduate
425 student whom I supervised, scaled up the synthesis of 3.6 and studied the

fluoridation of 3.6 under various conditions by TLC-fluorescent densitometry.

All the radiolabeling experiments carried out at the CPDC were in collaboration
with Dr. John Valliant and Dr. Karin Stephenson. Dr. Ryan Simms collected and
transported the '*F-fluoride solution from the cyclotron site to the '*F-hot lab and
assisted me with the radiolabeling experiments and radio-UPLC analysis. For the
radiolabeling experiments undertaken in collaboration with Dr. Tom Ruth, Dr. Paul
Schaffer, and Dr. Mike Adam at TRIUMF, I performed all the experiments and Dr.
Hua Yang helped with the set-up of the radio-HPLC system.

All the high-resolution mass spectrometry was performed by Mr. David Wong and
Mr. Marshall Lapawa. Mr. Marshall Lapawa also performed the MALDI-TOF
experiments. Dr. Yun Ling and Mr. Derek Smith helped with the ESI-LCMS
experiments. Dr. David Perrin and I co-wrote the manuscripts for J. Fluorine Chem.

and Med. Chem. Comm.
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Chapter 1 Introduction

While significant progress has been made in our understanding of various biological
processes at the molecular levels in the past decades, the causes of many malignant
diseases still remain unknown. The remarkable advances from various noninvasive
imaging techniques that allow the direct visualization of in vivo processes, however, have
provided better understanding about disease progression for suitable treatment, and
significant in vivo information to evaluate tested drugs for improved pharmacokinetics,
pharmacodynamics, specificity, and stability at a timely manner.* Both drug
development and therapies, therefore, have benefited from this newly emerging field:
molecular imaging science. A brief review about molecular imaging will be presented in

this chapter.
1.1 Molecular imaging

Molecular imaging is a multi-disciplinary field, which has been defined as noninvasive,
quantitative, and reproducible visualization of biological processes and targeted
macromolecules in living organisms.' It is now playing increasingly important roles in
diagnosis, therapeutic evaluation, and drug development. There are two important
elements for molecular imaging: i) the concentration and/or detectable properties of a
molecular probe can be changed due to the biological process/distribution, and ii) a
suitable technique is available to track the probe in vivo." > Molecular imaging is
therefore expected to provide characteristic and quantitative information about biological
processes at cellular and subcellular levels in intact living subjects.* There are generally
two categories of probes used in molecular imaging: direct and indirect probes, which
target the biomarkers differently via either the concentration or the functionality of the
biomarkers.! In addition, based on different reporter modalities, there are many
molecular imaging approaches extensively applied in animal studies or in clinical trials,
such as optical imaging, ultrasound imaging, magnetic resonance imaging (MRI), X-ray
computed tomography (CT), and radionuclide imaging including positron emission

tomography (PET) and single photon emission computed tomography (SPECT).*®



Optical imaging includes fluorescence imaging’ and bioluminescence imaging.®
Fluorescence imaging relies on the detection of fluorescent light that is emitted upon the
excitation of fluorophores, which can be endogenously produced or exogenously
administered.” ® 7 Bioluminescence imaging is based on the enzymatic reactions that
release light, which can be detected to indicate aspects of a biological process.*® Both of
these optical imaging methods benefit from high sensitivity (up to 107> M), low
instrumentation cost, general availability, and compatibility with high-throughput
capabilities. They are quick and easy to perform. Nevertheless, both modalities suffer
from high degrees of light scattering in vivo and absorption by overlying tissues, which
limits their use in deep tissue detection.* ® Autofluorescence from normal tissues is
another drawback of fluorescence imaging. Generally, optical imaging is most often used

for preclinical studies in small animals.

Ultrasound imaging examines the reflection of high-frequency sound waves from
tissues to construct real-time ultrasound images to monitor the structure and movement
of the body’s internal organs and to measure the blood flow.* ® It has been found that
ultrasound imaging might be useful to study microcirculation, angiogenesis, and
neovascularization of tumors.” Ultrasound imaging is inexpensive, simple, and rapid to
perform, but its poor tissue penetration and high dependence on operators’ skill and
experience highly limit its application to intravascular structures. It is more regarded as a

qualitative tool, since it has limited sensitivity to detect the contrast agents.”

Magnetic resonance imaging (MRI), based on the energy absorbed and emitted in the
magnetic field, measures the rates of relaxation of hydrogen atoms or other atoms in high
magnetic fields.® As water is abundant in living beings, most MRI contrast agents based
on paramagnetic metals have been designed to interact with water and perturb the
magnetic properties of hydrogen atoms. Since the relaxation of hydrogen atoms bound to
water is different in tissues that retain the targeted contrast agents, MRI is a powerful
imaging technique that provides anatomical images with high resolution and is also able
to map the contrast agents in vivo. However, its sensitivity is as low as 10~ to 10 M; the

acquisition time is long and the available contrast agents are limited.* ' !

X-ray computed tomography (CT) is based on the differentiable absorption of X-rays



by different tissues,* °

and provides high resolution anatomical images. Since X-ray
absorption is determined by the density of the tissues, CT is limited to providing
information on soft tissues. In spite of its low detection sensitivity and lack of readily
available targeted probes, CT is highly significant when used in combination with other

imaging techniques such as MRI,'> SPECT," and PET."

Single photon emission computed tomography (SPECT) detects y-rays directly
emitted by radioisotopes and reconstructs the localization of the contrast agents carrying
the radioisotopes in vivo noninvasively.” ® ' Since a collimator is installed between the
detector and the imaging subject to allow only y-rays of characteristic energies to pass
through and be detected, photons with different energies can be differentiated and
SPECT is thus able to provide the information of multiple radionuclides (2 ~ 3)
simultaneously.* ¢ Notwithstanding the use of radionuclides, the sensitivity of SPECT is
compromised by the collimator, which absorbs a large quantity of y-rays emitted from the
radionuclides. In turn, relatively high administered doses of the radiotracer and long

scanning time are usually prerequisites for generating high quality SPECT images.* % '°

Positron emission tomography (PET) detects y-rays with the energy of 511 keV, which
are released upon the annihilation of positrons. PET proceeds with high sensitivity (107"
~ 102 M) while small doses of radioactivity are required for the image acquisition, since
nearly all the incidents can be directly measured by the detector.* '® PET imaging is also
independent of the depth where the radioactive compound locates, and it is regarded as
quantitative in that the signals are proportional to the concentration of the radioligand in
the tissue. PET, however, has a functional limitation of spatial resolution, which relies on
the size of the single detector component.” Moreover, with the requirement of an
expensive cyclotron to produce most of the PET-radionuclides and of PET scanners, PET

imaging remains one of the most costly diagnostic techniques.

The molecular imaging techniques have been briefly reviewed above. Several aspects
including the advantages and disadvantages of these imaging modalities are listed in
Table 1.1. Clearly, each technique carries its advantages and disadvantages. Currently,
besides the application of the single imaging modality for diagnosis, the combination of

different imaging techniques is a promising direction of molecular imaging to provide



more accurate measurement in monitoring in vivo processes. On the other hand, since the

development of PET imaging agents is the goal of this dissertation, a more detailed

review about PET imaging is given in the following section.

Table 1.1 A summary of imaging modalities.” '’

. Resolution Spatial Penetration  Sensitivity .
Modality (mm) temporal depth M) Advantages Disadvantages
Fluorescence 2-3 Sec to min <1 mm 10%-10"  High-throughput Low penetration depth
screening Limited clinical
. e translation”
Bioluminescence 3-5 Sec to min 1-2 mm 1051077  High sensitivity
Clinical Operator dependency
translation Low penetration depth
Ultrasound 0.05-0.5 Sec to min mm-cm - N e st tgrgete.d IO
temporal Targeted imaging
resolution limited to vascular
Low cost compartment
High spatial
resolution No target-specific
. s Unlimited depth imaging
CT 0.025-0.2 Min No limitation - penetration Use of X-radiation
Clinical Poor soft-tissue contrast
translation
Superior spatial
MRI 0.025-0.1 Mintohr  Nolimitation ~ 107-10%  [esolution Imaging time
Clinical Costs
translation
ﬁfl}tli;sjgsilstcl)\t/:pye Attenuation-associated
. . accuracy limit
SPECT 0.5-1.5 Min No limitation ~ 107°-10™"! gz%ll;ll;gilit of Size of reporter probes
tracers an dy Limited spatial
instruments resolution
I¥Tielh st Fundamentally limited
] spatial resolution
PET 3-7 10 s to min No limitation ~ 10"'-107"? Kiﬁ;ﬂ;rt(i)gfhp ut Lack of clinical
. translation
correction
Costs

" Clinical translation refers to availability of anatomical information.

1.2 Molecular imaging with PET

1.2.1 How does PET work?

PET, as mentioned in the previous section, relies on the detection of y-rays created
during the annihilation of positrons. As shown in Figure 1.1, positrons, positively
charged electrons, are released from the decay of positron-emitting radionuclides
(PET-radionuclides)."” When positrons, which are antimatter particles, collide with
negatively charged electrons, which are abundant in all matter, this collision results in the
annihilation, in which both the positron and the electron disappear and two y-ray photons

are produced. These photons, with energy of 511 keV, correspond to the resting masses of



the positron and electron, following the laws of conservation of electric charge/linear and
angular momentum/total energy. The two photons are released simultaneously in the 180°
direction to each other and can be detected by the detector surrounding the subject. The
positron might travel a short distance from where the decay of the radionuclide occurs,
and the average net trajectory (positron range) is always determined by the positron
energy in the emission, which is a characteristic decay property of the corresponding
radionuclide. By recording many pairs of the coincident y-ray photons, a spatial
distribution of the radioactivity can be constructed through the use of computed

tomography as a function of time to provide PET images.

O PET radionuclide

@ positron

B electron

vy gamma photon (511 keV)
.............. positron range

Figure 1.1 An illustration of positron annihilation.

A positron is emitted from the radionuclide during the decay process. Since the positron possesses
momentum, it travels (shown as the black dot line) through elastic collision until it collides with an
electron to release two y-photons with 511 keV at two opposite directions.

The spatial resolution of a PET scan highly depends on the size of the detector and the

positron range.'® "’

The detector size actually determines the intrinsic resolution of most
scintillation detectors. In addition, the distance that a positron travels in the tissue, before
it is annihilated via capturing an electron, also affects the resolution. The site of positron
emission is always distant from the site of the annihilation as shown in Figure 1.1. This
distance is defined as the positron range. Although the positron range is an average value,
it is directly related to the positron energy in H,O or tissues. Higher positron energy
always results in a longer positron range. As the detector actually records signals, which
directly relate to the site of the annihilation, a longer positron range always results in

poorer spatial resolution. Therefore, for a good image, PET-radionuclides with low

positron energies are always preferred.



1.2.2 Choices of PET radionuclides

The increased use of PET imaging depends on the development of new imaging probes.
Every probe consists of both a functionally targeting moiety and a radionuclide. There
are many positron-emitting radioisotopes, and several frequently used ones are listed in
Table 1.2 with their radioactive properties presented. There are several criteria to
consider when choosing a PET radioisotope for PET imaging studies:*’ a), a reasonable
half-life that allows the preparation of the radiotracers and the in vivo clearance of the
radiotracer; b), suitable positron energy that affords high image resolution; c), acceptable
radiation dosimetry to the subject; d) availability of the isotope in sufficient amounts and
in high specific activities from a cyclotron or a generator; and e), one or more reliable
and reproducible methods to incorporate the radionuclides into the bioligands with high

radiochemical yields.

Table 1.2 Some positron-emitting radionuclides for PET.?"*

B’ range in Water

* * energy (keV)"”
Nuclide  t;;; (min) ( Ci/SAmol) (Iz/“;y) b gy (keV) (mm)
(1]
H Max. Mean Max. Mean
e 20.4 9220 99.77 960.1 385.6 4.1 1.1
50 2.04 91730 100 1700 n/a 5.4 n/a
18p 109.8 1710 96.7 633.5 2498 24 0.6
%Cu 768 245 17.87 652.9 278.1 2.9 0.64
%Ga 68.3 2766 87.7 1899.1 836 8.2 2.9
12.4 1253. . )
oy - 513 53.5 440 5.2 1.8
5.6 1578 696 6.5 2.9
11. 1532. . . 2.
124y 6048 31 0 532.3 685.9 6.3 3
12.0 2135 973.6 8.7 3.5

NOTE: The most characteristic emissions of positron for each radionuclide have been indicated. "SA is
specific activity; **B" is positron.

Among the radionuclides listed in Table 1.2, "'C-carbon is one of the radionuclides
often used for PET studies and clinical trials. Although its short half-life of 20.3 minutes
imposes a strict limitation on radiotracer preparation and imaging data acquisition, the
radiation dose administered to the patients and the production chemists is intrinsically
reduced. Additionally, as carbon is one of the key elements in various compounds,
"C-labeled radiotracers would retain largely the biological nature of the leading

compounds by simply replacing '*C-carbon to ''C-carbon.”® The ''C-radiochemistry has



been expanded and developed to provide many new ''C-imaging compounds and some

of the ''C-labeled radiotracers are currently under clinical evaluation.”>’

Another radionuclide that has received a large amount of attention is copper-64.2° The
longer half-life allows its transport from one site to another (within hours of
driving/flying etc.), and it is also useful to localize ®*Cu-radiolabeled tracers, such as
antibodies and macromolecules, the clearance of which requires longer time. The
radionuclide **Cu-copper has been incorporated into functional molecules via various
chelating ligands and some ®*Cu-labeled compounds have provided promising imaging
results.”**® Despite the fact that “*Cu is an emerging PET isotope, only 17.9% of its
decay accounts for positron emission. Due to the low positron yield, longer acquisition
times™ or higher administration doses'’ may be required to accumulate enough data to

achieve reasonable image quality.

Gallium-68 (68Ga) has been recognized as an attractive alternative radionuclide in PET
imaging.*” In addition to its moderate half-life (68.3 min), a high positron yield (87.7%),
and the relatively low mean positron energy, its production from **Ge in the
commercially available generator accelerates the development of ®*Ga-labeled
radiotracers. By coordination with a variety of ligands, several ®*Ga-labeled peptides
such as [Tyr’]octreotide and bombesin have entered preclinical evaluations and

encouraging results have been obtained.*

In addition, there are also many '°F-labeled PET imaging agents under investigation in
the field. Some of them have exhibited high potential for clinical uses in cancer
diagnosis.”' This is because of the optimal properties of fluorine-18, which conform to
various requirements to achieve good qualities of PET images.'” ' Fluorine-18 has a
half-life of 109.8 minutes, weak positron energy, and a clean decay process (96.7%). It
can be produced with high specific activities in a cyclotron efficiently. All these attributes
make fluorine-18 one of the ideal isotopes for PET imaging development in terms of

resolution and dosimetry.



1.3 18F-Labeling techniques

1.3.1 Production of *F-fluoride/fluorine

The radionuclide "*F-fluoride/fluorine can be produced in a cyclotron via two nuclear
reactions as shown in Scheme 1.1.%? Fluorine-18 was first produced in the form of 18F—Fz
gas from the bombardment of neon gas with 5 MV deuterons, described as the nuclear
reaction of [*’Ne(d,a)'*F], by Snell and co-workers.” Later, '*O-target® was developed
as a more widely used method for both '*F-F, and "*F-fluoride via proton bombardment
following [ISO(p,n)lgF].%36 The 18O(p,n)lgF nuclear reaction with '*O-enriched water is

the most used nuclear reaction to produce *F-fluoride with high specific activities.

ZONe(d,G)18F 2 20Ne +2 2H+_> 18|:2 +2 4H62+ +2e

'80(p,n)'¢F 8OH, + p — H'8F + n+p

Scheme 1.1 The scheme of the nuclear reactions to produce '*F-fluorine/fluoride.
For "*O(p,n)"*F, the nuclear reaction for the irradiation of '*O-enriched water is demonstrated.

Radiosyntheses, however, are constrained by radiation safety concerns, short half-lives
of the radioisotopes, and the need for high specific activities. Short total radiosynthesis
time and reasonable high radiochemical yields are necessary for the preparation of
radiopharmaceuticals. To reduce the operation of radiation with regard to safety and
production concerns, fewer steps, radioisotope incorporation at a later stage and simpler
purification procedures are always favored.!” The two different forms of '*F-fluorine
produced in the cyclotron demonstrate dramatically different chemical reactivities. Hence
different chemical reactions have been employed to incorporate '°F-fluorine into
molecules for PET imaging applications.'®'” In the following part, chemistry involving

'®F_fluorine incorporation is described.
1.3.2 Radiosyntheses involving electrophilic "*F-F,

Electrophilic '*F-fluorine has been applied to reactions involving electronically

. 1 . 1 -
enriched molecules, such as alkenes and arenes. '“F-Fluorine gas ('*F-F,),>">’ xenon

@ ®O_Target is the target with oxygen-18.



difluoride (Xe'®F,),*"** and '®F-acetylhypofluoride (CH3CO,'*F)*** *-*° are used for the
electrophilic fluorination.*” Using different electrophilic '*F-fluorine reagents via
electrophilic addition reactions, the radiosyntheses of 2-deoxy-2-['*F]-fluoroglucose
("*F-FDG), which is widely used in clinic to investigate various diseases by monitoring
glucose mechanism, are summarized in Scheme 1.2.°7*"* By the electrophilic addition
of '®F-reagents to the double bond, an '*F-fluorinated intermediate is obtained. Following
an acid treatment, the desired product 'F-FDG is prepared. In addition to the
electrophilic addition reactions to introduce '°F-fluorine, electrophilic aromatic
substitutions have also been developed.*’”* Particularly, the fluorodestannylation
reaction has been applied to prepare useful imaging tracers such as '*F-fluoro-L-DOPA™
and "*F-fluoro-L-tyrosine® regioselectively from trialkyltin derivatives, as indicated in
Scheme 1.3. "®F-Fluoro-L-DOPA is known to target the cerebral dopamine metabolism
for imaging neurodegenerative diseases, and '*F-fluoro-L-tyrosine images protein

synthesis.

gem OAc 18F

18
F
»QV 18 %
OH

00018 OH
18F

BF-FDG

3
18F, + CH3COONH, —> CH3COO'8F + NH,!8F

Scheme 1.2 Radiosyntheses of '*F-FDG via electrophilic reactions.*” **

Electrophilic addition using either Xe'®F, or '*F, always provides stereometric
intermediates, while at most 50% of '*F-fluorine can be incorporated to the final
radiolabeled compounds. Moreover, '"*F-fluorine production from the nuclear reaction
always requires the addition of '"F-F,, which limits the specific activity to a few

1731 However, as for the synthesis of '*F-fluoro-L-DOPA,

mCi/pmol (< 20 mCi/pmol).
the electrophilic fluorodestannylation remains the synthesis of choice due to its

simplicity compared with the synthetic route involving '“F-fluoride nucleophilic



reactions.

OBoc HO
1) 18F,, CFCl3, rt, 10 min

OEt ) 48% HBr, 130 °C, 10 min

18F_fluoro-L-DOPA

R= CHO or Boc
BocO 1) 18F,, CFCl, 0°C, 15 min O NH
NHCHO ’ el 7 o
OFt 2) 48% HBr, reflux, 15 min
18 0
_Sn— o
\ 2-"8F-fluoro-L-tyrosine

Scheme 1.3 Examples of fluorodestannylation to prepare functional '*F-labeled reagents.

49,50

1.3.3 Radiosyntheses with nucleophilic '*F-fluoride

In contrast to the production of '*F-F,, "*F-fluoride can be routinely prepared with very
high specific activities (~ 5-14 Ci/umol).'® ' ** Although '*F-fluoride is highly
hydrophilic and its hydrated form is quite inert, it can be converted to a very nucleophilic
species by routine manipulations. Briefly, '8F_fluoride is activated by the removal of
water and the addition of metal ion chelating agents such as Kryptofix-222 (K2.2.2).!"%
In this section, the incorporation of '*F-fluoride will be reviewed. Two categories of
labeling methods, based on the construction of C-'"*F and X-"*F (X is any atom rather

than carbon) bonds, will be described.'® >

1.3.3.1 To form the C-'*F bond via nucleophilic reactions- the conventional

technique for '*F-labeling

The majority of 'F-labeled radiopharmaceuticals are synthesized by nucleophilic
substitutions on aliphatic substrates and aromatic compounds. Some of the '*F-labeled
radiotracers have been routinely prepared by this method and used on a daily basis for
diagnostics. The nucleophilicity of "E_fluoride is usually activated by the addition of
K2.2.2 in anhydrous solvent (DMSO or CH3CN) at elevated temperatures (120-150
°C).V7

Most of the '*F-labeled aliphatic compounds are prepared from substrates with good

10



leaving groups such as halides and sulfonates (tosylate, mesylate or triflate).”® The best
known example might be the radiosynthesis of '*F-FDG shown in Scheme 1.4.°" The
precursor 1,3,4,6-tetra-O-acetyl-2-trifluoromethanesulfonyl-p-D-mannopyranose is first
fluoridated in the presence of K2.2.2 at ~ 80 °C for about 5 minutes under basic
anhydrous conditions. Then the additive K2.2.2 and salts are removed by passing through
a C18 sep-pak cartridge. The removal of acetyl groups under acidic conditions gives
'SE_.FDG with high efficiency. By using a large quantity of precursors, the radiochemical
yield of this reaction was determined to be 99% via radio-thin layer chromatography

(TLC). Many '*F-labeling compounds have been prepared in a similar manner.”*>’

fO
AcO ® CH.CN.85°C > AcO %o

AcO
18F-FDG
Scheme 1.4 The radiosynthesis of "*F-FDG via a nucleophilic substitution.>'

Aromatic nucleophilic substitutions, on the other hand, involve leaving groups (such as
halides, nitro groups, and trimethylamine) and electron withdrawing groups (such as
cyano, nitro, and acyl groups) at the para- or ortho-position to the leaving group on the

aromatic ring are always required to activate the ring for the reaction.'” %

For example,
a simple '*F-prosthetic group 4-'*F-fluorobenzaldehyde is frequently prepared following

substitution as shown in Scheme 1.5. Once the '*F-synthon is prepared, it is rapidly

incorporated to bioactive molecules via an oxime ether formation reaction.®’ ©
| 18¢
N\, 7
N 8 H2N NH

K18F, K2.2.2
K,CO3,DMSO 120°c

5 ’ Sy O\)J\ R

4-18Ffluorobenzaldehyde
Scheme 1.5 The nucleophilic aromatic substitution to prepare *F-labeled compounds.

Ri . R
|
KI®F, K2.2.2 ©/ ©/
K,COg3, solvent

Scheme 1.6 Reactions of diaryliodonium salts with '*F-fluoride.® %

.. . . . 18
In addition, diaryliodonium salts were reported as precursors for F-fluoroarenes
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without electron withdrawing groups, as shown in Scheme 1.6.% The fluoridation can be
accomplished in one step with good yields. A recent study revealed that the
regioselectivity in the reaction of unsymmetrical diaryliodoniums could be controlled by

the ortho-substituents.®*

From the examples illustrated for the C-'"F bond formation with nucleophilic
'SE_fluoride, extremely anhydrous anionic '°F-fluoride, elevated temperatures,
protecting-group chemistry, and additives such as K2.2.2 are almost always required.
These often lead to tedious multistep syntheses, problems for purification, and
incompatibility to many biomolecules. Ideally, a one-step labeling strategy to incorporate

'"F_fluoride at room temperature under aqueous conditions is favored.
1.3.3.2 Newly developed methods to prepare '8F_labeled molecules

Several newly developed methods have provided possible alternatives for the
incorporation of '*F-fluoride, in the fashion dramatically different from the conventional
C-'*F bond formation. In this section, a brief introduction to the formation of a p-1*F

bond,66 Al-®F complexes,67'70 an Si-'*F bond,71'77 and a B-"*F bond”™®* will be

presented.

The P-®F bond formation was reported by Studenov and co-workers in 2005.% It was
described therein that a substitution reaction between '‘F-fluoride and NNN’ N -
tetramethylphosphorodiamidic chloride in anhydrous CH3CN could yield the '*F-labeled
phosphorodiamidic compound with a high radiochemical yield of 96%. Instead of K2.2.2,
tetrabutylammonium carbonate was added to activate '*F-fluoride as a phase transfer
agent (Scheme 1.7). Though the radiosynthesis ensued with a high radiochemical yield
and efficiency, the '®F-labeled compound underwent relatively rapid defluoridation in
aqueous conditions, as about 25% of the P-'*F bond decomposed within 30 minutes.
Unfortunately, ever since then, no further investigation on improving the stability of the
phosphorofluoridates has been reported.

o)
K'8F, (BugN),CO3. \N—'F'>—18F

11
v T HLON, e
3 , LG / |
NI N
Scheme 1.7 The radiosynthesis of '*F-N,N,N’,N’-tetramethylphosphorodiamidic fluoride.’

\
N_
/

12



E_Fluoride-aluminum-chelates (Al-'®F) have been developed in the McBride group

676870 and octreotide® for in vivo

to label thermostable peptides such as hapten-peptides
imaging studies. On the basis of fluoride-metal interactions, McBride and colleagues first
tested the stability of the AI'*F complexes with various chelating groups.®” They found
that peptides with the ligand 1,4,7-triazacyclonane-1,4,7-triacetic acid (NOTA) yielded
Al'F complexes with the highest in vivo stability. It was also discovered in the same
report that two of the carboxylic groups are critically required to stabilize the complex.
With modifications of the NOTA ligands and optimization of the labeling conditions,
both the radiochemical yield and labeling efficiency were improved.®® The radiosynthesis
via this method is usually undertaken in aqueous sodium acetate solution (pH 4.5) at
around 100 °C and is complete within 15 minutes in high yields. It is expected this
labeling technique might be expanded to biomolecules with low thermostability via
one-pot two-step radiosyntheses using useful prosthetic groups. The chelation of Al'*F
with NOTA-octreotide is shown in Scheme 1.8 as an example of this labeling method.*
HO_© _O\fo
O N e O M
© &NJH oHa1 100°C  ° &NJH

. N - .
N\Octreotide 15 min Octreotide

O (@]
Scheme 1.8 '®F-Labeled NOTA-octreotide with AI'*F.%

The Si-*®F bond formation has received a great deal of attention recently. Synthetically,
fluoride has frequently been used to remove silyl protecting groups, especially the
sterically hindered ones.* This might be due to the strong bond energy of the Si-F bond.
In fact, dating back to 1985, the first preparation of '*F-trimethylsilylfluoride
("*F-TMS-F) was reported by Rosenthal et al, who treated TMS-Cl with
'E_trimethylammonium fluoride in aqueous CH3CN to give '*F-TMS-F with a
radiochemical yield of 80% (decay corrected).® 'F-TMS-F, however, decomposed
quickly in vivo, resulting primarily in bone uptake as imaged in mice. It was not until
recently that the formation of the Si-'®F bond came back to the stage to provide potential
'8F_labeled radiopharmaceuticals, with a better understanding of the stability of the

®F_fluorosilyl compounds.”"” Schirrmacher and colleagues found that the hydrolytic
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stability of '*F-fluorosilanes can be highly improved through sterics by introducing bulky
substituents such as the fert-butyl group to the silicon atom.”' Consequently, the
di-tert-butylphenyl-'F-fluorosilane exhibited high in vitro and in vivo stability. Moreover,
the di-tert-butylphenyl-'*F-fluorosilane can be prepared in the presence of K2.2.2 in
anhydrous CH3CN at room temperature by either the isotopic exchange reaction or the
substitution reaction of the related chlorosilane compound with '*F-fluoride, as indicated
in Scheme 1.9. Since it is of great synthetic challenge to conjugate biomolecules to the
hydrolytically labile chlorosilanes, Schirrmacher and co-workers have thereafter mainly
focused on the development of an elegant isotopic exchange reaction to prepare Si-'*F
compounds, in spite of the fact that this represents a carrier-added experiment whereby
the specific activity may be compromised.”””>"” On the other hand, also indicated in
Scheme 1.9, Ametamey and colleagues reported alternative ways to prepare the
di-tert-butylphenyl fluorosilane from the corresponding silanol or silane.”> * The
resulting  di-fert-butylphenyl-'"*F-fluorosilane based bioconjugates, albeit with high
preparative yields and good hydrolytic stability, are of high lipophilicity, which results
predominantly in excretion by the liver. Modification of the silyl molecule will therefore
be necessary to decrease its hydrophobicity for favored in vivo distribution and also

improved clearance.

K18E, K2.2.2

R=Cl, °¢
tBu ‘Bu
. \Si@R, R=H KR, K222 18F_éiOR.
” 0 - /
By DMSO, 70 °C Bl

R=0OH 18E K22,

HOAc, DMSO
90 °c

Scheme 1.9 '®F-Radiosyntheses of silicon-based building blocks.” ">

The formation of the B-'8F bond was reported as another fluoride capturing technique
by Perrin and co-workers in 2005.”® By radiolabeling biotinylated p-aminophenylboronyl

pinacolate under acidic conditions, Ting et al. were able to show '*F-fluoride
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incorporation through the formation of an '*F-aryltrifluoroborate (‘*F-ArBF;) in the
presence of '’F-fluoride using avidin magnetic particles to separate the '*F-labeled biotin
from the unreacted '*F-fluoride.” It was therein pointed out that the specific activity of
the '"®*F-ArBF; is three times that of the source *F-fluoride. Via a systematic study on the
in vitro solvolytic stability of a series of ArBFss, it was recognized that the hydrolytic
stability of ArBFss can be controlled by different substituents on the aryl region and
several potential ArBF;s with high hydrolytic stability were identified for further

80, 85 Furthermore, the in vivo stability of one 18F-ArBF3 was confirmed by an

studies.
animal study on the clearance and biodistribution of the biotin-'*F-ArBF; conjugate.”
Recently, Tsien and colleagues reported the work in combination of "*F-PET and near
infrared fluorescence (NIRF).*' Their “boron/optical multimodality beacon”, called
'"SFE_.BOMB, is based on the conjugation of the '*F-ArBF3y/NIRF fluorophores to
Lymphoseek to detect the distribution of the sentinel lymph node. We also have reported
in vivo imaging work with an '*F-ArBF; conjugated to marimastat, which is a

86
In

broad-spectrum MMP inhibitor that might find use in breast cancer diagnosis.
addition to the efforts directed towards '°F-ArBFss as PET imaging compounds, an
isotopic exchange method has been reported to construct the B-'*F bond for
'®F_tetrafluoroborate ('*F-BF;) by Jauregui-Osoro et al. to detect the human
sodium-iodide symporter.** *” They incubated '*F-fluoride with NaBF, under acidic
conditions at 120 °C for 20 minutes. The radiochemical yield (not decay corrected) of the
isotopic exchange reaction was about 10%. Although both methods described here
represent the radiosynthesis of boron compounds with the B-'*F bond from carrier-added
®F_fluoride, '*F-ArBFss provide extensive flexibility to label various functional
molecules targeting different bioprocesses. The negative charge on '“F-ArBFss may
provide added advantage in that the labeled molecules have increased hydrophilicity.
Moreover, the specific activity of '*F-ArBF;s is triple that of '*F-fluoride. This originates
from the stoichiometric ratio (1:3) of '®F-ArBF;s to the bound fluorine atoms, which can
compensate for any decrease in the specific activity of 'F-fluoride from the carrier
addition. However, when considering the labeling conditions for '*F-ArBFss, it is
realized that the acidic conditions might be detrimental to various biomolecules, which

might not survive low pHs. An alternative involving a one-pot two-step synthesis may
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enable labeling the acid-sensitive molecules with '*F-ArBF;s.

18/19

R/— OR 18/19 — F
G g K'®%F, HCl  RC LF

\_7/ Tpr MeOH,tt \ /=
R =alkyl, H 1819 ArBF,

Scheme 1.10 The radiosynthesis of '*'’F-ArBFs.”®

Although several "*F-incorporation techniques have been introduced above, there is
still no perfect labeling technique so far to accommodate all the requirements for
radiosyntheses, such as rapid labeling reactions, high radiochemical yields, high specific
activities, and a one-step radiosynthesis to obtain the final product. Every method
contains one or more drawbacks. Novel labeling methods thus are desired. Meanwhile
current techniques should be optimized to achieve better radiosyntheses with high

radiochemical yields and specific activities.
1.4 Applying ArBF;s as PET imaging agents

In the previous section, it was mentioned that a good radiosynthetic scheme should
minimize the number of radiosynthetic steps and shorten the synthesis time, while
ensuring a reasonable radiochemical yield and a high specific activity. Moreover, the
radiolabeled compounds need to possess good in vitro and most importantly in vivo

stability, low lipophilicity for optimal clearance, and high in vivo target specificity.'® "’

%7 the ArBF; labeled biomolecules would have higher

As ArBF;s are anionic,
hydrophilicity, which in turn should lead to rapid in vivo clearance of the '*F-ArBFj;
labeled compounds. The moiety carrying '*F-atom should not impede the bioactivity of
the biomolecules such as target specificity, and several '*F-ArBF; labeled compounds
have not been observed to influence the affinity of biomolecules for their targets.”* %
Nevertheless, the clearance and excretion of the labeled compound is likely to be
enhanced due to the decreased lipophilicity derived from the negatively charged nature of
ArBFss. In this section, several aspects will be addressed in order to apply '*F-ArBF;s as
potential PET imaging agents, including the specific activity, the radiochemical yield and

solvolytic stability of '*F-ArBFss.
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1.4.1 Specific activity

Specific activity, an important factor for imaging assays, is defined as the amount of
radioactivity given by a certain amount of a radiolabeled compound.'® *® Mathematically,
it is the amount of radioactivity per micromole of the radiolabeled compound, as shown
in Equation 1.1. Based on this definition, the theoretical specific activity of the

carrier-free radionuclide can be calculated from the decay half-life of the radionuclide.

. Specific  _ Radioactivity (Ci)
Equation 1.1 activity ~ Amount of radiolabeled compound (umol)

Practically, however, it is often impossible to obtain a carrier-free, 100% radiolabeled
compound from a radiosynthesis, particularly in the case of '*F-fluoride. This is because
the radionuclide is almost always contaminated with its stable isotope. Consequently, the
highest practical specific activity is much lower than the theoretical number. Taking
'SE_fluoride for example, the calculated theoretical specific activity is 1710 Ci/umol. In
contrast, the specific activity of '*F-fluoride is usually measured to be < 40 Ci/umol,

16, 17, 52

according to Equation 1.1. Usually '*F-labeled imaging agents are produced at

much lower specific activities.

Since most PET imaging agents are based on receptor binding, the radiotracer with a
low specific activity would have to compete with the non-radiolabeled compounds
(either the cold form or the decayed form), and less uptake of the radiolabeled compound
will be expected. This is particularly true in cases with relatively low levels of receptors,
in which case a significant percentage of receptors are occupied by the non-labeled
compound. A significant amount of work has supported this hypothesis.*”>*° For instance,
Frost and co-workers® quantified the human opiate receptor in vivo via imaging
experiments with high specific activities and low specific activities. The brain images
clearly suggested that the radioactivity uptake by brain was highly reduced by the
"'C-labeled ligand with low specific activities. Partial saturation of the receptors was

regarded to account for the suppression.

As for the case of any '*F-radiolabeling experiments introduced in the previous section,
the specific activity of an '*F-labeled compound at any given time can be calculated if

the specific activity of the source '*F-fluoride is known. This is due to at least two

17



reasons. First of all, since '“F-fluoride has an insignificant kinetic isotopic effect
compared to '*F-fluoride, it has the same physicochemical and biochemical properties as
PF-fluoride. In other words, '*F-fluoride and '’F-fluoride have the same opportunity to
react in the same fashion in a radioreaction, and therefore the specific activity of
'SE_fluoride can be directly transferred to that of the '*F-labeled compound. Secondly,
'®F_fluoride and all the '*F-labeled species decay at the same rate, which implies that the
specific activity at any given time could be calculated from the source '*F-fluoride via a

first order decay function.

For example, for the no-carrier-added nucleophilic substitution reaction to prepare
"SE_.FDG as shown in Scheme 1.4, if the 'F-fluoride solution is the only source of
PF-fluoride, and if we started with a radioactivity of 50 mCi at a specific activity of 2
Ci/umol (at t = 0 min), there is 25 nmol of "’F-fluoride present. After radiosynthesis and
separation to give the pure '*F-FDG (containing both anomers)at t = 55 minutes (t, for
'8F is ~ 110 min), no matter what the radiochemical yield is, the specific activity of the
purified '*F-labeled compound is 1.41 Ci/umol at t = 55 minutes, calculated via the first

order decay kinetics.

Equation 1.2 ArB(OR), + HF +KHF, ABF; + K'+ 2 ROH

When it comes to 18F-ArBF3s, Equation 1.2 briefly demonstrates the overall
preparation of '*F-ArBFss, though the reaction most likely proceeds stepwise. From the
reaction, one boronic acid/ester molecule reacts with one HF molecule and one molecule
of KHF; to give one ArBF; anion. The specific activity of the 18F-ArBF3 is three times

that of '*F-fluoride, which can be derived as following:

Equation 1.3
Amount (ArBF;) = Amount (F)/3

Specific activity (ArBF) _ Radioactivity (Ci) 3 Radioactivity (Ci)
pecitic activily LAIEEs Amount (ArBF) [umol] Amount (F)/3 [pmol]
Radioactivi .

=3 x adioactivity (C1) = 3 x Specific activity ('*F)

Amount (F) [umol]

In "®F-fluoride generated from the ¥0-H,0 irradiation, trace amounts of PF_fluoride
are always present, but the amount of '’F-fluoride varies from one cyclotron to another.>

As a result, there is actually no good correlation to determine the specific activity for
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'SE_fluoride. Conventionally, the specific activity is determined by the incorporation of
®F_fluoride to afford an '*F-labeled compound, whose amount can be determined by
methods such as UV absorption at a certain wavelength.”' Another possible method to
estimate the specific activity is via the addition of a relatively large amount of carrier
F-fluoride, which outweighs '’F-fluoride that normally contaminates the original
'®F_fluoride solution. Generally, if a substantial amount of carrier '’F-fluoride is added to
'F_fluoride (no-carrier-added) and well mixed with '*F-fluoride, the specific activity of

the carrier-added '®F-fluoride can be calculated as (the amount of the radioactivity of

'8F_fluoride)/(the amount of carrier "F-fluoride + the amount of "’F-fluoride present in

the original '*F-fluoride solution + the amount of "*F-fluoride). Since a large amount of

carrier '’F-fluoride is added, both the amount of '’F-fluoride from the original
'8E_fluoride solution and that of '®F-fluoride itself become negligible. The specific

activity of the carrier-added '*F-fluoride can be simplified to (the amount of the

radioactivity of 18F-ﬂuoride)/ (the amount of carrier 19F-ﬂuoride).

For instance, if there is 200 mCi of BE_fluoride from '®0-H,O irradiation and 800 nmol
of "F-fluoride is added (maybe in the form of KHF,) at t = 0 minute, the specific activity
of "*F-fluoride (at t = 0 min) is 0.25 Ci/umol. Assuming that it takes 55 minutes for the
radiosynthesis and purification to prepare an '“F-ArBFs, then at t = 55 minutes, the
specific activity of '“F-fluoride is 0.177 Ci/umol. But for the specific activity of the
I8E_ArBF; at t = 55 minutes, it should be 0.531 Ci/umol.

It is appreciated that the addition of carrier '’F-fluoride suppresses the specific activity
of "*F-fluoride while the formation of '®F-ArBF;s compensates to some extent for the
loss with a tripling of the specific activity. Thus, it is possible to adjust the specific
activity by controlling for the amount of added carrier '°F-fluoride. Furthermore, optimal
reaction conditions might favor the formation of '"*F-ArBFss in the presence of a smaller

amount of ’F-fluoride or even under no-carrier-added conditions.
1.4.2 Radiochemical yields and synthesis time

Though the yield is not always the top concern for radiosyntheses, it is important to be

able to prepare radiolabeled compounds with “enough” radioactivity for animal imaging
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experiments. Due to radiation safety, the radiosynthesis in the presence of lower initial
radioactivity (< 200 mCi) is always favored. Therefore, a relatively good radiochemical
yield is needed to provide enough radiolabeled compound for imaging applications. Most
of the *F-labeling experiments have been reported with radiochemical yields in the range
of 5% to 95%.'" > In addition, it has also been addressed in the previous sections that
radiosyntheses in a timely manner are preferred to prepare radiolabeled compounds and

thus fewer steps are required.'”

Although ArBFss have been applied in synthetic chemistry for a long time, especially
in transition-metal catalyzed cross-coupling reactions for the C-C bond formation, their
preparation, particularly at relatively low concentrations of boronates and fluoride, is still
not well understood. In part, this is because in the past a very large amount of fluoride
has always been used to drive the reaction to completion. In contrast, in order to apply
"F_ArBF;s as PET imaging agents with a relatively high specific activity, the addition of
a huge amount of carrier '’F-fluoride cannot be entertained without compromising the
specific activity of the imaging agent. In addition, while a large excess of fluoride can
favor the production of ArBFss, the yield in terms of fluoride incorporation would drop
abruptly. This means that not only the specific activity will be compromised by the
addition of a large amount of carrier fluoride, but the radiochemical yield is also
sacrificed. Therefore, a systematic study on the fluoridation of organoboronic acids/esters
is extremely important for the further development and optimization of this labeling

technique.
1.4.3 Solvolytic stability of ArBF;s

Besides the importance of the radiolabeling technique to fulfill most of the
requirements of radiosyntheses, the radiolabeled compounds must be sufficiently stable
in vivo to be developed as useful imaging agents. To determine the factors that might
influence the solvolytic stability of ArBFss, Perrin and co-workers measured the
hydrolytic rates for a series of ArBF3s with different substituents on the aromatic system
by "’F NMR spectroscopy or '*F/"°F TLC autoradiography.®’ In the ’F NMR study, they
did not observe any steady-state intermediate during the solvolysis for any of the ArBF;s

investigated. More importantly, the kinetic data revealed a general trend of the influence
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of different substituents on the solvolytic stability of ArBFjs. Specifically, electron
withdrawing groups, at the para- and meta-positions to the trifluoroborate group,
enhance the solvolytic stability of ArBF;s, while electron donating groups at the
para-position accelerate the solvolysis of ArBFss. Perrin and colleagues then were able
to plot the kinetic data with the substituent constants (c) to get a Hammett plot as shown
in Figure 1.2. Among the ArBFss studied therein, the ArBF3s from two boronates (3.1
and 3.8) were found to be especially stable and thus they have potential use for
conjugation to biomolecules for PET imaging studies. The structures of the boronate
synthons are shown in Figure 1.3. Via the carboxylic group, the boronate can be

conjugated to various biomolecules.

Hammett plot for the hydrolysis of ArBF,s
0.0

® By F NMR spectroscopy
O By

18/1 9F TLC autoradiography

log (k)

-2.5 T T T T T T T

Gp+6m
Figure 1.2 Hammett plot in the form of log(k) = op + log(ko).*®
Data for the "'°F exchange TLC experiment (o) and the "’F NMR fluoride dissociation experiment (@)
were plotted against . The linear regression analysis of the '®'°F exchange TLC experiment (o) (black
line) gave the reaction constant for trifluoroborate isotopic exchange, p =-1.20 + 0.06 and R*=0.818. The
linear regression analysis of the '’F NMR fluoride dissociation experiment (e) (red line) gave the reaction
constant for trifluoroborate fluoride loss, p =-0.92 + 0.07 and R°=0.807.
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Figure 1.3 The structures of boronic acid/ester 3.1 and 3.8 that will be used in this dissertation.
The t, (the half-life of the defluoridation of the corresponding ArBF;s) was measured via F NMR
spectroscopy in 192 mM phosphate buffer (pH 7).*°

1.5 The goal of this dissertation

Based on all the aspects discussed above for applying ArBFss as PET imaging agents,
this dissertation attempts to further understand the process of the fluoridation of
boronates to prepare the radiolabeled '*F-ArBFss in the presence of a low concentration
and small amounts of fluoride. This thesis focuses on the conjugation of the arylboronic
acid/ester to several biofunctional molecules for both radiolabeling and animal imaging

studies.

Based on the study from Ting ez al.,*’ the electronic properties on the aromatic system
is significant for the solvolytic stability of ArBFss. As electron withdrawing groups were
found to stabilize ArBF;s against hydrolysis under physiologic conditions, the
investigation of heteroaryltrifluoroborates (HetArBF;s) was expected to provide ArBF;s
with higher stability since the m-deficient heteroaromatic systems provide high
opportunities to further stabilize the corresponding HetArBFs;s. As the aromatic structure
containing —CH=N- unit(s) is considered to be n-deficient’* and the inductive effect from
the endocyclic nitrogen is considerable, the hydrolytic stability of several N-HetArBFss
has been studied in this dissertation in order to discover more stable ArBFss. This work

will be presented in Chapter 2.

A systematic fluoridation study based on boronates 3.1 and 3.8, including their
derivatives, will be described in Chapter 3. In this chapter, we used TLC-fluorescent
densitometry, '’F NMR spectroscopy, and radio-HPLC to analyze the fluoridation.

Several reaction factors were investigated to achieve a reproducible, high yielding, and
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low carrier-added radiosynthesis of '*F-ArBFss.

In this dissertation, boronate 3.1 has been conjugated to the matrix metalloproteinase
(MMP) inhibitor marimastat (Chapter 4), a urea-based prostate-specific membrane
antigen (PSMA) inhibitor (Chapter 5), and cyclic pentapeptides containing the Arg-Gly-
Asp (RGD) sequence (Chapter 8). These boronates were all '*F-labeled under
carrier-added conditions. The animal imaging work with marimastat-""F-ArBF; 4.15 is

included in Chapter 4.

To further explore this labeling technique to a broader application in terms of labeling
biomolecules, an alkynyl prosthetic '*F-ArBF; 6.2 has been prepared for the subsequent
copper(l) catalyzed click reaction to radiolabel biomolecules with "E_ArBFss. The
radiolabeling of oligonucleotides (Chapter 6), folate (Chapter 7), and an RGD-containing
cyclic pentapeptide (Chapter 8) has been undertaken using this newly developed one-pot

two-step radiosynthesis.
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Chapter 2 Hydrolytic defluoridation of N-HetArBF;s at
neutral pH

2.1 Introduction

. . . . . 4
Organotrifluoroborates are the more air-stable equivalents of boronic acids/esters.””’

These organotrifluoroborates have been increasingly used for synthetic reactions,
including transition-metal catalyzed cross-coupling reactions to construct C-C bonds® %
or C-X bonds.'”” Moreover, aryltrifluoroborates (ArBF3s) have also been proposed to be
useful as PET imaging agents.78 To understand better the solvolysis of ArBFs;s, a
systematic study was carried out and a Hammett plot was obtained to show that the rate
constants of the solvolytic defluoridation of ArBF;s correlate with standard o-values (the
coefficient of correlation p is ~ -1) by Perrin and co-workers.® This means that the
solvolysis of ArBF;s can be retarded by introducing electron withdrawing substituents
into the aromatic system yet enhanced in the presence of electron donating groups.
Meanwhile, the solvolytic mechanism was proposed therein. It was believed that the
reaction undergoes a stepwise process to lose the fluorine atoms following an Syl
mechanism, while the empty orbital on the boron is quickly occupied by the hydroxide to

give intermediates as shown in Scheme 2.1.

H,O H* o
f ko F 3
Ar—B —F Ar—B Ar—B-OH =
F ; F HO;_k_g F ks

a

a
o HOH OH fF_ OH
/ k5 h
Ar— Ar—B
‘T

;L;
ﬁ Ar—B OH .
OH
k.5 E-

Scheme 2.1 The proposed kinetic scheme of the ArBF; solvolysis.
The steps are all regarded reversible. a and a’ are the difluoro-species; b and b’ are the
monofluoro-species.

In contrast, compared with the relatively large pool of reactions involving aryl-,

alkenyl-, and alkyltrifluoroborates, there are fewer examples of the coupling reactions
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with heteroaryltrifluoroborates (HetArBF;s).”¢%% 100- 103-105. 107 This might be due to the
less systematic understanding of the performance of HetArBFss during the cross-
coupling reactions. In fact, for the Pd-catalyzed cross-coupling reactions with ArBFss, it
is believed that defluoridation is necessary to provide a small amount of boronic acid or
monofluoroboronate-species in order to facilitate transmetallation of the aryl moiety in
H,O miscible solvents containing a small amount of H20.98’ 100, 103 Hence, the study of
the solvolytic stability of these HetArBF; synthons can provide important information to
predict their synthetic reactivity in the transition-metal catalyzed cross-coupling reactions.
In addition, HetArBF3;s might possess the desired hydrolytic properties for PET imaging
applications. The relatively low electron density, which is normally ascribed to
heteroaromatic systems, is regarded as the favored property for stabilizing HetArBF;s.
Therefore, in this chapter, we prepared some nitrogen-containing HetArBF;s and studied
their stability under physiological conditions by '"F NMR spectroscopy. The results
demonstrate that the N-heteroaromatic ring systems greatly retard the defluoridation of
the HetArBFss under buffered aqueous conditions at near neutral pH. Several
N-HetArBF;s are found to display extraordinary hydrolytic resistance and therefore have

very promising applications as PET imaging agents.
2.2 Results

2.2.1 Synthesis

The heteroarylboronic acids/esters, which were converted to HetArBF;s, were either
purchased or synthesized. The synthesis of three heteroarylboronic acids/esters has been
summarized in Scheme 2.2. First, 2,6-dichloro-4-iodo-pyridine was treated with BuLi
under a halo-lithium exchange reaction, the reaction mixture was quenched with
B(OCH3;);; pinacol was added to protect the newly produced boronic acid to give 2.4 as
one of the desired boronate esters.” In order to obtain N-methyl-4-pyridineboronic acid
iodide 2.5, 4-pyridinylboronic acid was first protected with 2,3-dimethyl-1,3-
propanediol, and N-methylated with Mel. The protecting group on boronate 2.5b was

then removed to afford the desired product 2.5 with an overall yield of 74% over three

* Dr. Ali Asadi made this compound.
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Scheme 2.2 Synthesis of several heteroarylboronic acids.

(a), i. BuLi, Et,0, -78 °C, ii. B(OCH3),, -78 °C, 2 hr, iii. pinacol and HOAc, 74%; (b), 2,2-dimethyl-
1,3-propanediol, 1,4-dioxane, molecular sieves, reflux, 18 hr, quant.; (c), Mel, CH;3CN, reflux, overnight;
(d), water/acetone, rt, 1 d, 74% over three steps; (e), hydrazine monohydrate, 1,4-dioxane, reflux, 89%; (f),
2,4-pentanedione, H,O, 70 °C, overnight, 80%; (g), NO/NO,, DMF, rt, 4 hr, 72%; (h), hydrazine
monohydrate, CH;CN, reflux, 1.5 hr, 73%; (i), trichloroisocyanuric acid, CH;CN, 0 °C to rt, 1 hr, 46%j; (j),
i. BuLi, -78°C, 0.5 hr, ii. 2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, -78 °C, 2 hr, iii. HCI in
Et,0, -78 °C, 20 min, 37% over three steps; (k), xylenes, reflux, 24 hr, 14%.

Finally, a Diels-Alder reaction was used to prepare dichloropyridazinylboronate 2.7
from dichlorotetrazine 2.7e and alkynylboronate 2.7f. Hexyne was first treated with BuLi
to give acetylide anions, which were quenched with B(OCHj);. The boronate
intermediate was further protected with pinacol to give 2.7f, which was purified via
vacuum distillation. Meanwhile, 1,4-dichlorotetrazine 2.7e was synthesized from
guanidinium chloride over five steps. Triaminoguanidinium chloride 2.7a, obtained from
the hydrazinolysis of guanidinium chloride, was reacted with 2,4-pentanedione in H,O at

70 °C to afford 1,2-dihydro-1,2,4,5-tetrazine 2.7b, which was oxidized by NO/NO; to
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afford 1,2,4,5-tetrazine 2.7c. The dimethylpyrazole groups on 2.7¢ were replaced by
hydrazine to provide 3,6-dihydrazino-1,2,4,5-tetrazine 2.7d. Tetrazine 2.7d underwent an
electrophilic substitution with trichloroisocyanuric acid to give 1,4-dichlorotetrazine 2.7e.
The Diels-Alder reaction between 2.7e and 2.7f was undertaken in xylenes at 140 °C for
24 hours to give 2.7. The overall yield to prepare 2.7 starting from guanidinium chloride

was 2.4%.

Then all the heteroarylboronic acids/esters were incubated with excess of KHF, to
prepare the corresponding N-HetArBFss. The N-HetArBF;s were generally purified from
free fluoride by flash chromatography with a small silica gel column using 5%
NH4OH/EtOH as the elution buffer. Gratifyingly nearly all of the heteroarylboronic

acids/esters showed very good conversions.

2.2.2 Solvolytic studies of N-HetArBF;s
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Figure 2.1 The ”’F NMR study of para-pyridinyltrifluoroborate (TFB-2.1) dissociation in 200 mM

phosphate buffer (pH 6.89).

A, F NMR spectra of para-pyridinyltrifluoroborates TFB-2.1 dissociation; B, the exponential plot of

trifluoroborate fraction against time as measured by '"F NMR spectroscopy with the '’F-signal of

trifluoroacetic acid as the standard reference (0 ppm), kops= (1.8 £ 0.20) x 10~ min™', R?= 0.9940.

The solvolytic stability of various N-HetArBF;s in buffered aqueous solution at neutral
pH was studied by "’F NMR spectroscopy. In general, it has been found that all the
N-HetArBF;s studied herein have relatively long half-lives (tj2 > 300 min) at room
temperature in the phosphate buffer (pH ~ 7). An example of the '°F NMR spectroscopic
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assay for the solvolysis of para-pyridinyltrifluoroborate TFB-2.1 is shown in Figure 2.1.
This assay monitors the loss of HetArBF; peak (6 ~ -65 ppm, referenced to trifluoroacetic
acid at 0 ppm) and simultaneously the increase of the free fluoride peak (8 ~ -42 ppm).
The "F NMR spectra showed that there were no other obvious fluorine-containing
intermediates (monofluoro- or difluoro-species) in the reaction on the time scale of the
F NMR data acquisition. The data analysis for the hydrolytic kinetics is therefore
simplified due to the absence of any intermediate, since 'F-signals were used to
construct a kinetic curve for the solvolysis. Typically, the percentage of the fluoride
remaining on the N-HetArBF; vs. time was best fitted to a standard first order rate
process for all decomposition experiments, while the overall fluoride amount® was
considered constant for each experiment. The data suggested a single rate-determining
step, which is regarded to the loss of the first fluoride atom on the N-HetArBFs. This

controls the overall rate of the decomposition.

The study of the kinetics for the defluoridation of para-pyridinyltrifluoroborate
(TFB-2.1) via "’F NMR spectroscopy, shown in Figure 2.1, exhibited a solvolytic
decomposition half-life of 385 minutes at pH ~ 7. At higher pHs, the solvolytic rate of
para-pyridinyltrifluoroborate TFB-2.1 was slightly enhanced, with half-lives of 210
minutes at pH 8 and 187 minutes at pH 9. These results encouraged us to extend the
solvolytic studies at pH ~ 7 to several readily prepared N-HetArBFss as summarized in
Table 2.1. In brief, introducing one exocyclic halogen atom as fluorine to the pyridine
ring, such as 2-fluoro-4-pyridinyltrifluoroborate (TFB-2.2), whose fluorine atom is at the
meta-position to the BF; group, showed little-to-no enhancement to the hydrolytic
stability compared with that of TFB-2.1. However, when two halogen atoms, i.e. fluorine
or chlorine, are introduced to 2- and 6-positions of the pyridine ring of the N-HetArBFss
(2,6-dihalopyridinyltrifluoroborates TFB-2.3 and TFB-2.4), the solvolysis was largely
impeded. Since fluorine is more electronegative than chlorine, it is not surprising that the
difluoropyridinyltrifluoroborate  TFB-2.3 (t;», ~ 19 hr) is more stable than the
dichloro-version TFB-2.4 (t;2~ 14 hr). When the zwitterionic para-N-methylpyridinium
trifluoroborate (TFB-2.5) was tested, the hydrolytic stability was further enhanced to

give a half-life of approximately 4 days under the same conditions at room temperature.

* The overall fluoride only contains the fluoride in the form of ArBF; or free fluoride.
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Furthermore, pyridazinyltrifluoroborates TFB-2.6 and TFB-2.7, which contain two
endocyclic nitrogen atoms and exocyclic chlorine atoms, displayed extraordinary
stability against hydrolytic decomposition. Even at elevated temperatures (37 and 50 °C),

the decomposition process was so slow that half-lives were measured in days.

Table 2.1 The kinetic data for the solvolysis of N-HetArBF;s

Compound no.  Structure Temperature k (min™) ty/> (min)
22+2°C (1.8+0.20) x 107 385+43
C) .
BFs 2+2°C* (3.3+0.20)x 107 210+ 12
TFB-2.1 S
7 22+2°C"° (3.7+0.10)x 107 187+5
22+£2°C* (1.9+0.20) x 107 365 + 38
OBF,
TFB-2.2 ™ 22+2°C (1.9+0.07) x 107 364+ 13
N/ F
©BF;
TFB-2.3 ™ 22+2°C (0.6 +0.02)x 10° 1155 31
FONTE
©BF3
TFB-2.4 ﬁ 22+2°C (8.0+0.21)x 10" 866 + 22
Cl N/ Cl
©BF; 22+2°C (1.1+0.03)x 10* 6177 + 158
TFB-2.5 @ 37+2°C (5.2£0.20)x 10™ 1329+ 51
Ne
| 50+2°C (1.3+0.06) x 10° 527 +24
OBF; 22+2°C ND¢ ND
TFB-2.6 E ; 37+2°C (3.7+0.31)x 107 18698 + 1563
a 50+2°C (1.2+0.05) x 10 5996 + 240
22+2°C (43+0.11)x 107 16187 + 404
|
TFB-2.7 NCE 37+2°C (1.1+0.03)x 10 6478 + 150
Nx
B
5o 50+2°C (3.4+0.07) x 10 2069 + 41

Note: The hydrolytic study was undertaken in 200 mM phosphate buffer at pH 6.87 or otherwise noted;
“The hydrolytic study was undertaken in 200 mM phosphate buffer at pH 8.01; "The hydrolytic study was
undertaken in 200 mM phosphate buffer at pH 9.00; ° The hydrolytic study was undertaken in 200 mM
phosphate buffer at pH 6.87 in the presence of 10 mM KF; “ND stands for “not-determined” since the
reaction rate was too slow to monitor.
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More interestingly, when studied in the presence of free fluoride (10 mM), the
hydrolytic defluoridation rate of para-pyridinyltrifluoroborate (TFB-2.1) was not
significantly influenced. This may imply that at relatively high dilution these potential
intermediates such as mono- and/or bis-fluoroborates tend to decompose rather than

revert back to HetArBFss under the solvolytic conditions at pH ~ 7.
2.3 Discussion

2.3.1 Synthesis

Three heteroarylboronic acids/esters were prepared in this chapter for the
corresponding N-HetArBFss. Boronates 2.4 and 2.5 were synthesized with a reasonable
yield of ~ 74%; however, the overall yield of the synthesis of 2.7 was only 2.4% over six
steps from guanidium chloride. The very low yielding steps were the chlorination with
trichloroisocyanuric acid for tetrazine 2.7e and the subsequent Diels-Alder reaction.
Although the electrophilic substitution with trichloroisocyanuric acid was rapid, there
seemed to be extensive loss during the work-up including the sublimation. For the
Diels-Alder cycloaddition, it is possible that both the electron poor “diene” (tetrazine
2.7e) and the electron poor “dienophile” (alkynylboronate 2.7f) do not quite favor the
electron demanding for the (inverse) Diels-Alder reactions. Even though the reaction was
driven in terms of the production of N, following the [2+4] cycloaddition, the first
Diels-Alder reaction was slow and under the given conditions a relatively low yield was
obtained. Since the preparation of the heteroarylboronic acids/esters was not the focus of
the project, no further optimization was developed. Then heteroarylboronic acids/esters
were treated with excess of KHF, to prepare N-HetArBFss, some of which required a bit

longer time to achieve full conversions of the boronic acids/esters.
2.3.2 Solvolytic studies of N-HetArBF;s

The results of the solvolytic study suggest that N-HetArBFss are a class of compounds
with high kinetic stability against hydrolytic defluoridation. Additional exocyclic
electron-withdrawing groups on the heteroaromatic system can further improve the
hydrolytic stability of N-HetArBFss. The inductive effect of both the endocyclic

heteroatoms and the exocyclic electron withdrawing substituents (e.g. fluorine and
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chlorine) accounts for this increased stability. However, pyridinyltrifluoroborate TFB 2.2
with only one fluoride on 2-position did not demonstrate any significant enhancement to
the hydrolytic stability compared with TFB-2.1, and there is no immediately forthcoming
explanation for this. When comparing TFB-2.6 with TFB-2.7, they are very structurally
similar but the position of the boron atom relative to the heteroatom might make a big
difference for the ring electron properties. When the trifluoroborate group is next to the
endocyclic nitrogen as for TFB-2.6, the defluoridation process is much slower than the
other pyridazinyl compound TFB-2.7, which has two chlorine substituents. Even though
the two chlorine substituents at 3- and 6-positions exert a very high inductive effect,
TFB-2.7 with the trifluoroborate group at the 4-position hydrolyzed nearly three times as
rapidly as TFB-2.6 under the same conditions. This suggests that the “in ring” nitrogen
atoms greatly improve the stability of the trifluoroborate group at the 3-position.
Moreover, although at elevated temperatures, the N-HetArBF;s demonstrated faster
solvolysis than at room temperature, several N-HetArBFss such as TFB-2.5, TFB-2.6,
and TFB-2.7 still exhibited promising stability at higher temperatures under the same
buffered conditions.” Among the N-HetArBF;s studied in this chapter, it was found that
pyridazinyltrifluoroborates displayed extreme kinetic stability to solvolysis. These data
suggest the potential use of these pyridazinyltrifluoroborates as '“F-PET imaging
compounds but may also help to predict their poor reactivity to be used as substrates in

transition-metal catalyzed cross-coupling reactions.

It is possible to propose the mechanism of the hydrolytic defluoridation based on the
F NMR studies. For all the data we have obtained, no fluorinated intermediate was ever
observed in addition to the N-HetArBF; and the product, namely free fluoride. This
would imply very short half-lives of the possible intermediates, as shown in Scheme 2.1,
on the NMR time scale. This leads us to hypothesize that the mechanism of N-HetArBF;
solvolysis involves the loss of the first fluoride as the rate-determining step, while the
two subsequent fluorides are lost rapidly. This single rate-determining step is thus
sufficient to explain the entire defluoridation process, consistent with the first order

decay process observed with '’F NMR data. Based on this hypothesis, two possible

* Since pH changes due to temperatures, the same buffer was used for all the temperatures without pH
corrections.
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mechanisms are proposed in Scheme 2.3. Since no "“F-related intermediates were
observed by ’F NMR spectroscopy for any compound studied herein, the second and
third hydroxide-fluoride exchange processes should be very rapid. Moreover, when
exogeneous fluoride source was added to the reaction, the hydrolytic process was not
affected. This also suggests that loss of the second and third fluorine atoms is probably

more kinetically favored under such conditions.

F F
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Scheme 2.3 Proposed mechanisms of the hydrolysis of HetArBF;s.
A is the Sy1 like mechanism and B is the Sy2 like mechanism for the loss of the first fluoride; TS-X is the
transition state for the slow step of either proposed mechanism.

Both the mechanisms shown in Scheme 2.3 propose a slow first step to lose the first
fluoride, which is the rate-limiting step, and then fast subsequent steps, based on the
observation. Mechanism A suggests the rate-determining B-F bond breakage is via an
Sn1-like mechanism, which is independent of the nucleophile concentration, where the
nucleophile can be water or hydroxide. Alternatively, mechanism B is an Sx2-like
process, whose transition state involves a pentacoordinate boron, with the hydroxide ion
attacking the boron atom and pushing away one of the fluoride ions. The kinetic data of

para-pyridinyltrifluoroborate TFB-2.1 at various pHs, shows that the values of log(kobs)
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for solvolysis are not dramatically changed.® Data suggest that the reaction is
pH-independent at slightly basic conditions, which corroborates the Sy1 like mechanism

A as the most possible mechanism.

Reaction Coordinate

Figure 2.2 Proposed energy diagram of hydroxide-fluoride exchange for step 1 of mechanism A.
The electron withdrawing groups (EWG) can largely stabilize ground states while the stabilizing effect is
much weaker for transition states.

With regard to the overall reaction coordinate, the relative stability (free energies) of
both the ground state and the transition state are important. The stabilizing effect from
the electron withdrawing elements against hydrolysis increases the energy barrier
between the ground state and the transition state. This might be interpreted by decreasing
more of the free energy of the ground state or increasing more of the free energy of the
transition state. The electron withdrawing groups discussed here exhibit strong inductive
effects, which serve to decrease the m-electron density available on the aromatic system
and therefore to stabilize any negative charges in the system. Considering the
experimental observations of the kinetic studies, it seems that the stabilizing effect of the

ground state by the electron withdrawing groups is more than that of the transition state.

* The magnitudes of the rate constants among the conditions discussed are the same.
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As at the ground state, the negative charge can be stabilized by the aromatic system via
the inductive effect of the electron withdrawing substituents. The overall stabilization of
the negative charge by the aromatic system at the transition state is less efficient than that
at the ground state. As a result, a slightly less stabilizing effect with electron withdrawing
groups should be expected for the transition state, as shown in Figure 2.2.
Correspondingly, the energy gap between the ground state and the transition state is
increased by the presence of electron withdrawing groups. As a result, the solvolysis is

more obstructed.
2.4 Conclusion

In this chapter, we have studied the hydrolytic stability of several N-HetArBF;s by '’F
NMR spectroscopy. The N-HetArBFss displayed very strong stability against hydrolytic
decomposition. To develop new PET imaging compounds based on fluorine-18 chemistry,
the N-HetArBFss studied herein exhibit very favorable hydrolytic stability compared
with the physical half-life of fluorine-18. In regard to the metal catalyzed coupling
reactions, these N-HetArBF;s might not be good substrates. This hydrolytic study
suggests that these HetArBFss should be exceptional candidate components for in vivo

PET imaging studies.
2.5 Materials and methods

All chemicals were purchased from Sigma-Aldrich or Alfa-Aesar. Deuterated solvents
were obtained from Cambridge Isotope Laboratories. Analytical thin layer
chromatography was run on Silica Gel 60 F254 Glass TLC plates from EMD Chemicals,
and SiliaFlash F60 from Silicycle was used for flash chromatography. Melting points
were not corrected. All nuclear magnetic resonance (NMR) spectra were recorded at
room temperature on a Bruker Avance 300 or 400 MHz spectrometer. Chemical shifts (9)
are reported in ppm; all coupling constants (J) are reported in Hertz (Hz). Unless
specified, '"H NMR spectra are referenced to the tetramethylsilane peak (5 = 0.00 ppm),
>C NMR spectra are referenced to the chloroform peak (8 = 77.23 ppm), and '°F NMR
spectra are referenced to neat trifluoroacetic acid (6 = 0.00 ppm, -78.3 ppm relative to

CFCl3). Due to the presence of "’F contamination in the NMR spectrometer probe,
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baseline for samples less than 20 mM in "*F-fluoride concentration had to be adjusted by
the multipoint linear baseline correction using MestReC 4.9.9.9. This correction did not
affect the absolute chemical shifts or integration ratios of '°F signals. Low-resolution ESI
mass spectrometry (ESI-LRMS) was performed on a Waters ZQ with a single quadruple
detector, attached to a Waters-2695 HPLC. High-resolution ESI mass spectra
(ESI-HRMS) were obtained on a Waters-Micromass LCT with a time-of-flight (TOF)

detector.
2.5.1 Preparation of several heteroarylboronic acids
2,6-Dichloro-4-(4,4,5,5-tetramethyl-1,3,2 dioxaboryl)pyridine (2.4)'"

Briefly, 2,6-dichloro-4-iodo-pyridine (1.4 g, 10 mmol) at -78 °C was added to a hexane
solution of BuLi (8.0 mL, 15 mmol) in dry Et;O (30 mL). After 30 min at -78 °C, the
mixture was treated with B(OCHj3)s (1.25 mL, 11.0 mmol) and the reaction was stirred
for 1 hr. The temperature was then allowed to rise slowly over 2 hr up to rt, then pinacol
(1.6 g, 13 mmol) was added and 10 min later AcOH (0.60 mL, 10.5 mmol) was added.
The resulting mixture was filtered through Celite, which was then washed with ether, and
the combined filtrates were evaporated under reduced pressure. The desired product was
crystallized from cyclohexane. Yield: 74%. "H NMR (300 MHz, CDCl;, 1t): & (ppm) 1.34
(s, 12 H), 8.06 (s, 2 H); °C NMR (75.5 MHz, CDCl;, rt): & (ppm) 24.8, 84.4, 111.9,
128.0, 149.0.

N-Methyl-4-pyridineboronic acid iodide (2.5)

This compound is prepared following a literature protocol.'”  Briefly,
4-pyridinylboronic acid (0.5 g, 4 mmol) and 2,2-dimethyl-1,3-propanediol (0.4 g, 4
mmol) were dissolved in 1,4-dioxane (25 mL) in the presence of a few chips of 4A
molecular sieves. The mixture was refluxed for 18 hr. The reaction was then cooled down
and filtered to remove the molecular sieves. The filtrate was concentrated under vacuum
and the residue was dried over high vacuum to give 0.85 g (quantitatively) of a white
solid, which was used directly without further purification. The white solid was dissolved
in CH3;CN (25 mL) and Mel (2.4 mL, 40.2 mmol) was added. The resulting solution was

refluxed overnight, and concentrated under vacuum. To the yellowish residue, 1:1
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water/acetone (30 mL) was added and the slurry was stirred at rt for 1 day. The mixture
was then filtered and the filtrate was concentrated under reduced pressure. The product
was precipitated from MeOH/Et,O to give a pale yellow powder as the desired product.
Yield: 1.0 g, 74% over three steps. 'H NMR (400 MHz, ds-DMSO, rt): & (ppm) 4.20 (s, 3
H), 7.54 (d, J = 6.16 Hz, 2 H), 8.55 (d, J = 6.24 Hz, 2 H); C NMR (100.6 MHz,
ds-DMSO, 1t): & (ppm) 48.79, 50.05, 132.12, 144.30.

Triaminoguanidine monohydrochloride(2.7a)

This compound is prepared following a literature protocol with some modifications.' '

Hydrazine monohydrate (3.21 g, 68.2 mmol) was added to a suspension of guanidine
hydrochloride (1.91 g, 20.0 mmol) in 1,4-dioxane (10 mL) at rt. The mixture was then
refluxed until ammonia was no longer released”. The reaction mixture was cooled to rt,
filtered, washed with 1,4-dioxane and dried to give a white powder as the target
molecule. Yield: 2.49 g, 89%. Mp: 215-216 °C (Lit. 230 °C); *C NMR (75.5MHz, D0,
rt): & (ppm) 159.78; ESI-LRMS: [M-CI1]™: 104.9 (100%).

3,6-Bis(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-1,2,4,5-tetrazine(2.7b)

This compound is prepared following a literature protocol with some modifications.''
2,4-Pentanedione (204 g, 0.2 mol) was dropwise added to triaminoguanidine
monohydrochloride 2.7a (4.06 g, 0.1 mol) in H,O (100 mL) at rt. The mixture was stirred
at 70 °C overnight. After the reaction was cooled down, the orange mixture was filtered.
The solid was washed with water, and dried to provide pure 2.7b. Yield: 10.85 g, 80%.
Mp: 130-131 °C (Lit. 150 °C); '"H NMR (300 MHz, ds-DMSO, rt): & (ppm) 2.17 (s, 6 H),
2.39 (s, 6 H), 6.14 (s, 2 H), 8.82 (s, 2 H); °C NMR (75.5 MHz, ds-DMSO, rt): & (ppm)
12.90, 13.21, 109.39, 141.65, 145.24, 149.35; ESI-LRMS: [M+H]", 273.2 (100%), 273.4
(15%).

3,6-Bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine(2.7¢)

This compound is prepared following a literature protocol with some modifications.''
NO/NO; was produced by adding 50 wt% sulfuric acid (78 mL, 0.55 mol)) dropwise to
0.6 N sodium nitrite (100 mL, 60 mmol); the resulting gas was bubbled into 2.7b (2.26g,

* The ammonia could be detected with a stripe of pH paper with moisture.
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8.3 mmol) in DMF (40 mL) at rt for 4 hr. Then iced water (100 mL) was poured into the
reaction to result in a purple precipitate. The reaction mixture was filtered, washed with
cold water, and dried to give the desired product. Yield: 1.61 g, 72%. Mp: 216-218 °C
(Lit. 223-224 °C); '"H NMR (300 MHz, ds-DMSO, rt): & (ppm) 2.27 (s, 6 H), 2.58 (s, 6 H),
6.35 (s, 2 H); °C NMR (75.5 MHz, ds-DMSO, tt): & (ppm) 14.07, 14.27, 111.59, 143.71,
153.19, 159.38; ESI-LRMS: [M+Na]": 293.2 (100%), 294.2 (15%).

3,6-Dihydrazino-1,2,4,5-tetrazine(2.7d)

This compound is prepared following a literature protocol.'"" Hydrazine monohydrate
(1.3 g, 26 mmol) was added slowly to a slurry of 2.7¢ (3.2 g, 12 mmol) in CH3;CN (30
mL). The resulting dark red solution was then heated to reflux for 1.5 hr. After the
mixture was cooled down to rt, the slurry was filtered and the solid was washed with
CH;CN to afford the desired product. Yield: 1.22 g, 73%. Mp: 137-138 °C. *C NMR
(75.5 MHz, ds-DMSO, rt): 8(ppm) 164.22; ESI-LRMS: [M+H]": 143.1 (100%)).

3,6-Dichloro-1,2.,4,5-tetrazine (2.7¢)

To 3,6-dihydrazino-1,2,4,5-tetrazine 2.7d (1.28 g, 9.00 mmol) in CH3CN (35 mL) at 0
°C was added dropwise with CH;CN (25 mL) solution of trichloroisocyanuric acid (4.08
g, 18 mmol) for 30 min.""? The reaction mixture was then allowed to warm up to rt over
20 min. After filtration, the filtrate was concentrated in vacuum to give the crude product.

Pure orange red crystals as the product were obtained via sublimation. Yield: 0.63 g, 46%.

3C NMR (75.5 MHz, CDCls, 1t): & (ppm) 167.24; ESI-LRMS: [M+H]": 149.8 (100%).
2-(1-Hexyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.7f)

This compound is prepared following a literature protocol with some modifications.'"
n-Hexyne (2 g, 24 mmol) in anhydrous Et;O (24 mL) was cooled to -78 °C and then 1.6
M BulLi (15.2 mL, 24.32 mmol) in hexane was added. The resulting slurry was stirred for
0.5 hr. 2-Isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.58 g, 24.6 mmol) in
anhydrous Et,O (24 mL) was added quickly to the mixture and the reaction was stirred at
-78 °C for another 2 hr. The reaction mixture was later warmed up to ambient
temperature and stirred for an additional hour. The mixture was then cooled to -78 °C and

the reaction was quenched by adding 4.5 M hydrochloric acid in dry Et,O (5.4 mL, 24.3
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mmol). The slurry was stirred for an additional 20 min and then warmed back to rt. After
filtration, the solvent was removed under vacuum, and the desired product was obtained
via distillation at 75-80 °C over 1-1.5 mmHg. Yield: 1.86 g, 37%. '"H NMR (300 MHz
CDCls, rt): 0 (ppm) 0.86 (t, J=7.16 Hz, 3 H), 1.23 (s, 12 H), 1.28~1.50 (m, 4 H), 2.22 (t,
J=6.93 Hz, 2 H); >C NMR (75.5 MHz, CDCls, rt): & (ppm) 13.61, 19.30, 21.99, 24.41,
24.64, 24.75, 30.23, 67.39, 82.51, 83.16, 84.08.

4-Butyl-3,6-dichloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridazine (2.7)

Compound 2.7f (0.32g, 1.9 mmol) and tetrazine 2.7e (0.15 g, 1.3 mmol) was dissolved

112
The solvent was

in xylenes (7 mL). The solution was refluxed under N, flow for 24 hr.
then removed under vacuum and the desired product was obtained as light red oil via
flash chromatography (EtOAc:hexanes 1:30). Yield: 69.0 mg, 14%. '"H NMR (300 MHz,
CDCls, 1t): 6 (ppm) 0.95 (t, J = 7.24 Hz, 3 H), 1.40 (s, 12 H), 1.43 (m, 2 H), 1.55 (m, 2
H), 2.69 (t, J = 8.10 Hz, 2 H); >C NMR (75.5 MHz, CDCls, 1t): & (ppm) 13.68, 22.94,
24.70, 31.47, 33.43, 85.83, 147.72, 156.54, 157.48; ESI-HRMS: calcd. for

C14H22BC12N202+1 331.1151 . found: 331.1146.
2.5.2 General protocols to prepare N-HetArBF;s

General protocol: the heteroarylboronic acid/ester, KHF,, and acetic acid were mixed
in aqueous CH3;CN or MeOH or DMSO (depends on the solubility of the boronic
acid/ester) to make the final cocktail with 5 mM of boronic acid/ester, 200 mM of KHF,,
and 1.8 M of HOAc. The mixture was stored at rt and the reaction was monitored by
TLC (NH4OH/EtOH 1:9). Mostly, the reactions were left for 2 days to ensure a 100%
conversion to the HetArBF3s. The HetArBF3s were purified prior to use either by a silica
gel packed pasteur pipette column with 5% (V/V) NH;OH/EtOH® or by extraction of the
organic portion of pinacol or protodeboronated byproducts with suitable organic solvents
after the removal of the reaction solvent. Products that corresponded to the HetArBFss

were characterized by ESI-HRMS.

HRMS data for the HetArBF5s are shown below:

* 5 volumes of concentrated NH,OH (aq) was mixed with 95 volumes of EtOH to make 5% (V/V)
NH,OH/EtOH.
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TFB-2.1: calcd. for CsH4BNF5™: 146.0389, found: 146.0385;

TFB-2.2: calcd. for CsH3;BNF,4: 164.0295, found: 164.0292;
TFB-2.3: calcd. for CsH,BNF5™: 182.0200, found: 182.0196;
TFB-2.5: caled. for C¢H,BNF;K': 200.0261, found: 200.0257.

2.5.3 Kinetics of the hydrolytic defluoridation of N-HetArBF;s

HetArBFss, prepared via the fluoridation of the corresponding heteroarylboronic
acids/esters and purified by the silica plug using 5% NH;OH/EtOH, were studied for
their hydrolytic stability in pH ~ 7 phosphate buffer (200 mM) via F NMR
spectroscopy. ' ’F NMR spectra were recorded on a Bruker 300 MHz spectrometer with a
number of time points and the percentage of HetArBFss integral in the overall "°F
integral (the total integral of trifluoroborate (~ -65 ppm) and free fluoride (~ -42 ppm)
was calculated and the value was plotted against time following Equation 2.1:

-k
Equation 2.1 R,=Rye obst

where R; and Ry are the ratios of values corresponding to the HetArBF; integral and the
total "°F integral at time ¢ and 0 min, respectively. The half-life of each HetArBF; was
calculated by dividing the natural log of 2 by the observed rate constant k.. Since the
solvolysis of some HetArBF;s proceeded so slow at rt, higher temperatures (37 and 50 °C)
were employed. For TFB-2.1, the defluoridation was also studied in 200 mM phosphate
buffer of pH 8 and pH 9 at rt to understand the effect of higher pHs. Moreover, for the
same HetArBF; TFB-2.1, 10 mM free fluoride was added to the defluoridation pool to

help understand the decomposition mechanism. The results are summarized in Table 2.1.
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Chapter 3 Fluoridation of arylboronates

In the previous chapter, a defluoridation study was carried out in search of
hydrolytically stable aryltrifluoroborates (ArBFss), whose defluoridation under
physiological conditions is sufficiently slow for "F-PET imaging applications. In this
chapter, we will focus on the study of the fluoridation of arylboronic acids/esters for

optimal conditions, under which fast fluoridation can be achieved.
3.1 Introduction

From the perspective of radiopharmaceutical development, not only is the in vivo and
in vitro stability of radiolabeled compounds indispensible for their real
biodistribution/clearance and good image quality, but it is also very critical to prepare the
radiolabeled probes in rapid fashion and via a synthesis with a relatively high
radiochemical yield in as few steps as possible. For instance, it has been reported that

114-117

. 115,118, 11
microwave or elevated temperatures' > "' ''” have been frequently used to promote

the C-"°F covalent bond construction in a short reaction time. Other factors such as
solvents, fluoride-activating agents, and leaving groups have also been investigated for

8,

certain substrates."'® '*° Similarly, for the radiosynthesis of '*F-ArBFss, optimal

conditions should be investigated.

XR F
Ar—B + 2HF + KF —=—= 2HXR  + Ar—B-F
XR E
K+
X=0, NH
u/ HF R=H, alkyl or aryl HXR :‘&
,FT ,FI KF
F H HF HXR F
F —1 E —
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monofluoro-species difluoro-species

Scheme 3.1 Proposed mechanism of the fluoridation of arylboronate esters.

The conventional way to prepare organotrifluoroborates is to incubate boronic

94,101, 121, 122
F,.”™

acids/esters in the presence of excess KH A proposed mechanism for the

fluoridation of arylboronic acids/esters is shown in Scheme 3.1. Briefly, the reaction

40



requires at least 3 equivalents of fluoride to give the final product and the fluoridation
likely follows a stepwise mechanism. In the first step, fluoride might occupy the empty
orbital of the boron atom either by direct attachment or by replacement of H,O that may
already “sit” in the empty orbital. The heteroatom of the protecting group on the boron is
then protonated to become a good leaving group, whereupon another fluoride attacks to
displace HXR to give the difluoro-species. A stepwise process results in an

organotrifluoroborate.

From the perspective of applying ArBFss in the PET imaging field, the amount of
carrier '’F-fluoride used to prepare '*F-ArBFss is critical. This is because the specific
activity, one of the key factors to guarantee good quality images, will be compromised by
the addition of a large amount of carrier '’F-fluoride. In addition, for a no-carrier-added
radiosynthesis, the '*F-fluoridation of arylboronic acids/esters might proceed under
certain conditions that may prove difficult to control due to both low amounts of
'$19F_fluoride and various unknown contaminants (which might also be critical). Hence
it is significantly valuable to study the fluoridation, particularly in small volumes and low

amounts of materials, and to understand all the variables that control the rate and

efficiency of the reaction.

Although the organotrifluoroborates have now become increasingly more important in
organic synthesis, there has not yet been any systematic study on how their formation
may proceed. This is particularly due to a) the organoboronates are usually poor
chromophores and therefore it is hard to follow their fluoridations by TLC or HPLC
quantitatively; b) the reaction itself involves fluoride under acidic conditions, which does
not allow directly "’F NMR acquisition because etching of glass NMR tubes competes
for fluoride; c) in most studies that use organotrifluoroborates, a relatively large excess of
fluoride is used to prepare them; d) the nature of different protecting groups may
influence the fluoridation of organoboronates; and ¢) although '*F-fluoride has the same
chemical reactivity as '’F-fluoride, the '*F-fluoride solution from the source may carry
various contaminating elements that could influence the preparation of '*F-ArBF;s under

the conditions screened in the cold lab.

In 2008, a fluorescent '*'°F-labeled ArBF; was prepared in our lab.* In this work,
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Perrin and co-workers were able to prepare N-4-aminophenyldi(dimethylpyrro)methane
boron difluoride (2,4,6-triﬂu0ro-3-[18/ F]-(trifluoroboratephenyl)-methanone (BODIPY-
18/19F—A1VBF3) 3.2. By a fluoride exchange reaction with BODIPY—lS/lgF—ArBF3 3.2, the
rate constant of its defluoridation was measured: ks = (1.2 £ 0.4) X 10* min™. The
fluoridation of compound 3.6 (1.90 mM) monitored by '’F NMR spectroscopy in the
presence of 381 mM F™ and 95.2 mM HOAc/NaOAc at pH 4.5 in 525 uL. MeOH:H,0
(9:1) was also reported. Although they cleanly and successfully demonstrated the
fluoridation of this compound, the reaction was comparatively slow with respect to the
decay rate of BE_fluorine (ti2= 109.8 min). After eight hours, only 75% of boronate 3.6
was converted to the desired product 3.2. Moreover, the radiolabeling experiment
reported therein involved a large amount of carrier '*F-fluoride, which greatly reduced
the specific activity. Although in the paper, it was claimed that using a higher amount of
radioactivity could dramatically improve the specific activity, safety issues might restrict
the operation. More practically, the addition of a smaller amount of carrier '°F-fluoride

with a lower radioactivity (hundreds of milliCuries) may be more reasonable.

The strong fluorescence of 3.2 or 3.6 on the other hand provides a near-quantitative
way to monitor the fluoridation reaction by thin layer chromatography (TLC). In this
manner, the optimal conditions, obtained from the fluoridation studies on
BODIPY-boronate 3.6, should be able to directly guide the radiolabeling experiments of
other molecules derivatized from the same or similar boronates. Therefore, we herein
first studied the fluoridation of BODIPY-boronate 3.6 via TLC-fluorescent densitometry
to understand the labeling conditions in non-radioactive experiments, which might
imitate conditions used in a radiosynthetic preparation of '*F-ArBFss at low

concentrations of carrier fluoride in small volumes.

Considering the acidic nature of the fluoridation, two acid-sensitive protecting groups
1,8-diaminonaphthalene and 2,7-dimethoxy-1,8-diaminonaphthalene (DiDiAN) 3.14
were introduced to arylboronic acid 3.8 to afford the protected boronates 3.9 and 3.15,
which were further derivatized to give the propargyl amides 3.10 and 3.16. The
fluoridation of these boronates was also studied by '°F NMR spectroscopy in a relatively

larger reaction volume or analyzed by radio-HPLC following reactions in small volumes
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under the optimal fluoridation conditions, based on the results of the fluoridation study

using BODIPY-boronate 3.6.

Moreover, the '*F-fluoridation of biotin-boronate 3.23 demonstrated a much more rapid
'SE_fluoridation than the other derivatives from the same arylboronate ester.”” It was
hypothesized that the piperazinyl bridge between the boronate and the biomolecule might
also have somehow accelerated the rate of the fluoridation. To test these hypotheses, a
series of boronates (3.19, 3.20, 3.21 and 3.23) with the piperazine linker were prepared
with either 1,1,2,2-tetraphenyl-1,2-ethanediol (benzopinacol) or 1,8-diaminonaphthalene
as the protecting groups. Their '*F-fluoridation was studied under the optimal

fluoridation conditions.

3.2 Results

Table 3.1 A check-list of the boronates studied for the fluoridation in this chapter.

Entry | Boronate Protecting group Analyzing methodslg'or the fluoridation studies
TLC FNMR Radio-HPLC
1 3.6 Benzopinacol N
2 3.7 Benzopinacol v
3 3.8 - N
4 3.9 DAN N
5 3.10 DAN N
6 3.11 - N
7 3.15 DiDiAN N
8 3.16 DiDiAN v
9 3.19 Benzopinacol v
10 3.20 DAN \
11 3.21 - N
12 3.23 Benzopinacol \

NOTE: DAN is 1,8-diaminonaphthalene; DiDiAN is 2,7-dimethoxyl-1,8-diaminonaphthalene.

Several arylboronates were synthesized from 3.1 or 3.8 in this chapter to study the
fluoridation via TLC-fluorescent densitometry, '’F NMR spectroscopy or radio-HPLC. In
brief, BODIPY-boronate 3.6 was prepared, and for the fluoridation assays, the
fluorescence of 3.6 and that of its fluoridated product 3.2 were measured by fluorescent
densitometry after resolution by TLC in order to analyze the extent of the fluoridation
under various conditions. Since this method (TLC-fluorescence densitometry) only
requires a small amount of material and allows for rapid analysis, we were able to

evaluate several reaction factors at least semi-quantitatively. In order to apply the optimal
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conditions for the fluoridation of boronate 3.6 to other boronates, several boronate esters
protected with either benzopinacol or with acid-sensitive protecting groups, were
prepared for the fluoridation that can be analyzed by '"F NMR spectroscopy or
radio-HPLC. The fluoridation of various boronates analyzed by different methods is

summarized in Table 3.1.

3.2.1 Synthesis

' and then

BODIPY-NH, 3.5 was prepared according to a literature protoco
conjugated with boronate 3.1 using DCC as the activating agent to give
BODIPY-boronate 3.6 as shown in Scheme 3.2. The overall yield of this four-step
synthesis of 3.6 was 4.5%. Meanwhile, the benzopinacol protected heptylamide boronate
3.7 was obtained from a simple amide formation reaction using EDC as the coupling

reagent in a yield of 63%.

CO,H C02

B~0

o Ph
36 >8(Ph

PH Ph

Scheme 3.2 Synthetic scheme of BODIPY-boronate 3.6 and BODIPY-ArBF; 3.2.

(a), i. BuLi, THF, -78 °C, 15 min, ii. B(OCH3);, -78 °C, 3 hr, iii. 4 M HCI, 1,4-dioxane, -78 °C, 10 min, iv.
benzopinacol, THF, rt, 2 hr, 47% over four steps; (b), i. TFA (cat.), CH,Cl,, N,, rt, overnight, ii. DDQ, rt,
20 min, 37% over two steps; (c), BF;'Et,0, DIPEA, PhCH3, Ar, rt, 30 min, 33%; (d), 10% Pd/C, THF, H,,
rt, overnight, 86%; (e), 3.1, DCC, CH,Cl,, rt, 48 hr, 43%; (f), KHF,, HCI, yields dependent on condition;
(g), heptylamine, EDC-HCI, HOBt-H,0, CH,Cl,, rt, overnight, 63%.
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1,8-Diaminonaphthalene protected boronates 3.9 and 3.10 were synthesized according
to Scheme 3.3. The synthesis started with 3,5-difluorobenzoic acid, which was treated
with sec-BuLi, quenched with B(OCH3)3, and subsequently mixed with hydrochloric acid
to provide 3.8. Boronic acid 3.8 was incubated with 1,8-diaminonaphthalene under
refluxing to give the protected boronate ester 3.9, which was further coupled to
propargylamine to afford propargyl amide 3.10. Boronate ester 3.10 was demasked in
H,SOy4 solution to give 3.11 as the final product of this synthesis. The overall yield to

prepare 3.11 from 3,5-difluorobenzoic acid is 40%.

HN.__NH HN.__NH
F F F F B B F F
a
\g?/ b F F c F F d
0”7 oH 0”7 oH o P o ”\
H O
3.8 3.9 3.10 3.1

Scheme 3.3 Synthetic scheme of boronates protected with 1,8-diaminonaphthalene.

(a), i. TMEDA, sec-BuLi, THF, Ar, -78 °C, 2.5 hr; ii. B(OCHj3)s, rt 4 hr; iii. 3 N HCI, 90% over three steps;
(b), 1,8-diaminonaphthalene, PhCH;/THF, reflux, 4 hr, 67%; (c), EDC-HCl, HOBt-H,O, Py, DMF, rt,
overnight, 88%; (d), 2 N H,SO,, THF, rt, overnight, 76%.

| | | NO; NO; |
- ®
3.12 3.13
o0 CC
| NHp NH | (I) (I) ? ?
HN.__NH
o) o) g B . HN. o NH
- - F F - F F
3.14 3.15 3.16
H
0”0 o) ”\

Scheme 3.4 Synthesis of DiDiAN protected boronates.

(a), Mel, KOH, DMSO, rt, 24 hr, 85% ; (b), HNO;, HOAc, 2 hr, rt, 49%; (¢), SnCl,-2H,0, HCI, MeOH, rt,
77%; (d), 3.8, THF/Tol, reflux, overnight, 37%; (e), propargylamine, EDC-HCI1, HOBt-H,0, NEt;, THF, rt,
overnight, 20%.

We hypothesized that increasing the basicity of diaminonaphthalene through
substituent effects could increase its acid liability. Thus, we developed a new protecting
group 2,7-dimethoxy-1,8-diaminonaphthalene (DiDiAN) by introducing two electron

donating groups to the naphthalene system. Its preparation and introduction to boronic
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acid 3.8 is summarized in Scheme 3.4. Methylation of 2,7-dihydroxynaphthalene was
first carried out to provide 2,7-dimethoxynaphthalene.'** Following nitration at 1- and
8-positions'* and reduction using SnCl,/HCI,'* DiDiAN-2HCI was obtained in an
overall yield of 32%. We were able to use this compound to protect the boronic acids to
provide 3.15 and 3.16 in reasonable yields. However, the yield of the coupling reaction

for propargyl amide 3.16 was as low as 20%.

O
0 H (o}
Z
a b N _¢, 0.0 //
HO
o (6]
3.17 .

B

F F HN.__NH
B
. F. F
0” "N I 3.20
3.21 Q\l o)
o) Nﬁ
I\/N o)
o O/\\\ E\

oo/\\\

Ph pp

6 F O7X _Ph

o)
J\
HNCNBoc_f, HﬁH/\/\m ONH S QJHCEB\O "
S S 2 ﬁ /\/\‘r F

3.22

HCI

3.23
Scheme 3.5 Synthesis of boronates containing a piperazine linker.
(a), Propargyl alcohol, DMAP, CH,Cl,, rt, overnight, 69%; (b), piperazine, DCC, CH,Cl,, rt, overnight,
23%; (c), 3.1, EDC-HCI, HOBt-H,0, Py, CH,Cl,, rt, 24 hr, 64%; (d), 3.10, EDC-HCI, HOBt-H,0, Py, THF,
rt, 20 hr, 77%; (e), 2 N H,SO,, THF, rt, overnight, quant; (f), i. D-biotin, EDC-HCI, HOBt-H,0, NEt;, DMF,
rt, overnight, 98%, ii. HCI in dioxane/MeOH, rt, 5 hr, quant.; (g), 3.1, EDC-HCI, HOBt-H,O, Py, DMF, rt,
overnight, 51%.

To test the fluoridation of boronate esters with different protecting groups under the
same conditions (either '*F" or "F), we then designed and prepared slightly more
complicated compounds 3.19, 3.20 and 3.21, which share the same overall structure
containing the piperazine linker, as shown in Scheme 3.5. The terminal alkyne residues in
3.19, 3.20 and 3.21 were expected to afford potential applications to label biomolecules
with '"*F-ArBFss. Briefly, succinic anhydride was first mono-esterified with propargyl
alcohol in a reasonable yield and the resulting 3.17 was then coupled to piperazine using

DCC as the dehydrating reagent. The piperazine derivative 3.18 was then conjugated to
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different boronyl-phenylcarboxylic acids to provide 3.19 and 3.20 respectively. Further
acid treatment with 3.20 yielded boronic acid 3.21. In addition, biotin-boronate 3.23
containing the piperazine linker was also prepared to verify the moderate-to-good
radiochemical yields observed in previous radiolabeling experiments. Slightly different
from the previous report,” biotin-piperazine 3.22 was prepared from the Boc-protected
piperazine as demonstrated in Scheme 3.5 and this allowed much easier purification.

Thus, a higher yield was obtained to prepare 3.23.
3.2.2 Fluoridation studies based on BODIPY-boronate 3.6

The fluoridation of boronate 3.6 was carried out under various conditions. Different
factors were studied, including the concentration of the acid/fluoride, solvents,
temperatures, and salt effects. Then the reactions were loaded to a silica based TLC plate.
Following development in 20% MeOH in CHCIs, the reactions were quantitatively
analyzed by fluorescent densitometry. In general, this study mimicked radiofluoridation
conditions that require a small volume reaction (5 ~ 6 pL) containing 100 nmol of
boronate 3.6. Also, to reflect a desire to minimize the decrease of specific activities, only
8 equivalents of fluoride (800 nmol) in the form of KHF, were initially used in the

fluoridation for solvent and acid studies.

3.2.2.1 Test of organic solvents for the fluoridation

1 2 3 4 5 6 7 8 9 10 11 12

r 1111111111

U R

Figure 3.1 Screening organic solvents for the fluoridation of 3.6.

The reaction was carried out at rt for 1 hr in the presence of of 3.6 (16.67 mM), KHF, (66.67 mM) and HCI
(0.67 M) in a volume of 6 pL (2:1 organic solvent:H,0). Lane 1, only 3.6; Lane 2, DMA; Lane 3, NMP;
Lane 4, DMSO; Lane 5, DMF; Lane 6, acetone; Lane 7, CH;CN; Lane 8, THF; Lane 9, 1,4-dioxane; Lane
10, ‘BuOH; Lane 11, EtOH; Lane 12, MeOH.*

* DMA is dimethylacetamide, NMP is N-methyl-2-pyrrolidone, DMF is N,N-dimethylformamide.
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Solvent plays an important role in every reaction by influencing the energy of the
solvated form of starting materials/transition states/products and sometimes even being
involved in the reaction. Therefore, a series of water miscible organic solvents were
tested for the fluoridation of 3.6. All the reactions were undertaken in the presence of
HCI (0.67 M), 3.6 (16.67 mM), and fluoride (133.3 mM) in the form of KHF; in a total
reaction volume of 6 uL (2:1 organic solvent:H,O) at room temperature for one hour. The
reactions were then quenched with 5% NH4OH in EtOH and 1 pL of the quenched
reaction was loaded to the TLC plate. After being developed with 20% MeOH in CHCl;,
the TLC plate was visualized by a Typhoon 9200 Viable Mode Imager. The image

acquired is shown in Figure 3.1.

These results suggest that alcoholic solvents, among which '‘BuOH seems the most
efficient, are not particularly effective for this reaction. Reactions in polar aprotic
solvents such as 1,4-dioxane, THF, and CH3CN all gave very high yields under the given
conditions, whereas acetone did not prove to be suitable. Reactions in solvents with high
boiling points demonstrated relatively poor conversions except for DMF and
N-methyl-2-pyrrolidone (NMP). The reaction in NMP was comparable to that in
1,4-dioxane, THF, and CH3CN. As a result, four suitable solvents were identified for this

reaction.
F OH
72 ) o
. N F
£ B\ / NH
N F
{ T

oxidative-deboronated product
Chemical Formula: Cy5H21BFsN30,
Molecular Weight: 513.2669

Figure 3.2 The structure of the oxidatively-deboronated product from 3.6.

It was also noticed that the quality of 1,4-dioxane is extremely important for its
efficiency. When we used 1,4-dioxane that had been stored for a longer time with
exposure to the air, a fluorescent byproduct was produced predominantly in the reaction;
it was characterized by ESI-LRMS to be the oxidatively-deboronated product ([M-H]:
512.3). As for both 1,4-dioxane and THF, there is possible contamination with peroxide

48



from the slow oxidation of the ethers by the air. Therefore, we focused our study on
CH3CN and NMP. For certain cases, fresh THF or 1,4-dioxane can directly replace
CH;CN under the optimal conditions for the fluoridation.

3.2.2.2 Examination on acids for the fluoridation of 3.6

From our experience in preparing ArBF;s, the acidity of the reaction is critical for the
fluoridation and the addition of acids enhances the reaction rate substantially. Moreover,
some acids may play other roles that relate to medium effects and potential complexation
with boron. To check whether the fluoridation is influenced by different acids, several
acids were studied for the fluoridation of boronate 3.6. The result, demonstrated in Figure
3.3, first supported our previous observation on the importance of acids in the
fluoridation, comparing Lane 1 to other lanes. There was only a small fraction of the
starting material converted to the desired product without the acid present in the reaction
represented by Lane 1 in Figure 3.3. However, no dramatic difference among reactions
with different acids was observed regarding the yields of the reactions. The reaction with
HCI showed a slightly better conversion among the mineral acids tested, while that in the
presence of TsOH was the best among the reactions employing organic acids. We then

decided to further study the fluoridation using either HCI or TsOH as the acid.

- ‘ - .
- - - 3.2
-
Lane 1 2 3 4 5 6 7
Acid - TsOH HPO, HSO, HCI HOAc TFA
Yield (%) 7 35 20 23 27 17 22

Figure 3.3 Examination on acids used in the fluoridation of 3.6.

Each reaction containing 3.6 (16.67 mM) and KHF, (66.67 mM) in 2:1 CH;CN:H,O (6 uL) in the presence
of HA at rt for 1 hr. Lane 1, no acid added; Lane 2, 0.625 M TsOH; Lane 3, 0.67 M H;PO,; Lane 4, 0.33 M
H,SOy,; Lane 5, 0.67 M HCI; Lane 6, 0.67 M HOAc; Lane 7, 0.67 M TFA.
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3.2.2.3 Fluoride concentrations for the fluoridation of 3.6

Logically, increasing the concentration of any reactant in a reaction would normally
enhance the reaction rate and the same applies to the fluoridation. Indeed the
conventional preparation of organotrifluoroborates has always involved a relatively large
excess of free fluoride to guarantee a faster rate and a higher overall conversion of the
organoboronic acids. This is due to the fact that the fluoridation of organoboronic
acids/esters involves at least three steps as shown in Scheme 3.1, which means the
fluoride is captured by the boron sequentially and excess fluoride is always favored to
drive the reaction forward. Nevertheless, if a large amount of organoboronic acid/ester is
employed, limiting amounts of fluoride may accordingly be trapped by the boron in the
first step of the fluoridation to give monofluoroborate species and the overall reaction to
prepare ArBFs;s might be disfavored. To maintain a reasonable specific activity of
"®F_fluoride and also to ensure an acceptable radiochemical yield, the fluoride
concentration was tested for the fluoridation of 3.6. As shown in Figure 3.4, within one
hour, the reaction with a higher concentration of fluoride always produces more
BODIPY-ArBF; 3.2. The reaction can nevertheless occur at a very low concentration of
fluoride (16.66 mM of fluoride shown in Lane 2 had a yield of 6%). The reaction yields
of Lane 4 (3 eq.) and Lane 5 (4 eq.) were very close to each other and around 23% of 3.6
was consumed within one hour. To guarantee the reaction to proceed with reasonable

yields, 4 equivalents of fluoride under similar conditions were used for further studies.

ye9 280898

e - § -

Lane 1 2 3 4 5 6
[KHE](mM) - 8.3 16.7 25.0 333 66.7
Yield (%) - 6 13 23 25 43

Figure 3.4 Effect of fluoride concentrations on the fluoridation of 3.6.

Each reaction containing 3.6 (16.7 mM) and HCI (0.67 M) in 2:1 CH;CN:H,O (6 pL) in the presence of
different concentrations of KHF, at rt for 1 hr. Lane 1, only 3.6; Lane 2, 8.33 mM KHF,; Lane 3, 16.7 mM
KHF,; Lane 4, 25.0 mM KHF,; Lane 5, 33.33 mM KHF,; Lane 6, 66.7 mM KHF,.
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3.2.2.4 Reaction temperatures for the fluoridation of 3.6

Temperature is also one of the key factors controlling reaction rates. In most of the
cases, a reaction takes less time at a higher temperature. As part of the optimization,
temperature was also studied for the fluoridation of BODIPY-boronate 3.6. Since CH3CN
has a boiling point of 82 °C and that of NMP is 202 °C, three temperatures were
examined: room temperature (~ 20 °C), 30 °C, and 50 °C. Evaporation of CH;CN at both
30 °C and 50 °C was very apparent and led to precipitation of the boronate ester. In
contrast, the reaction volume in all NMP reactions remained unchanged and the reaction
mixture was transparent all the time. As a result, it appears that the reaction in CH3;CN
gave the best yield at room temperature, and higher reaction temperatures seemed to
enhance the reaction considerably in aqueous NMP (Figure 3.5). Specifically, the
reaction in NMP at 50 °C had a yield (55%) twice that at room temperature (28%), but it
also yielded higher quantities of byproducts. In the following studies, the fluoridation of

3.6 in aqueous CH3CN was undertaken at room temperature.

BSOS Y

. - - . - 3.2
Lane 1 2 3 4 5 6
Solvent NMP-H O CHCN-HO
T (C) 50 30 rt 50 30 rt
Yield (%) 55 26 28 6 11 27

Figure 3.5 Study on the temperature dependence of the fluoridation of 3.6.

Each reaction was carried out in the presence of BODIPY-boronate 3.6 (16.67 mM), KHF, (33.33 mM),
and HCI (2.1 M) in a total volume of 2:1 organic solvent:H,O (total in 6 pL) at different temperatures for 1
hr. Lane 1, NMP, 50 °C; Lane 2, NMP, 30 °C; Lane 3, NMP, rt; Lane 4, CH;CN, 50 °C; Lane 5, CH;CN, 30
°C; Lane 6, CH;CN, rt

51



3.2.2.5 The content of the organic solvent for the fluoridation of 3.6

During the experiments executed above, it was noticed that in some assays,
BODIPY-boronate 3.6 precipitated upon the addition of aqueous reagents and the yield
was significantly lower than those where starting materials were fully dissolved. We then
decided to screen the amounts of the organic solvent to 1) provide sufficiently high
concentrations for relatively fast fluoridation kinetics, and 2) guarantee a high and
effective conversion. It is shown in Figure 3.6 that higher content of CH3;CN enhances
the yield of the reaction. However, the dilution due to a higher amount of the organic
solvent also adversely influenced the conversion. From the curve of the conversion
against the CH3CN content, it appears that ~ 75% aqueous CH3CN would be suitable for

a good conversion under the same conditions.

50
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Figure 3.6 Investigation of organic solvent content affecting the fluoridation of 3.6.

(A), Each reaction containing 100 nmol of BODIPY-boronate 3.6, 200 nmol of KHF,, and 4 umol of HCI
in 2 uLL H,O and a different amount of CH3CN was incubated at rt for 1 hr. Lane 1, only 3.6; Lane 2, 10 pL
of CH;CN; Lane 3, 8 uL of CH3CN; Lane 4, 6 pL of CH;CN; Lane 5, 5 uL of CH;CN; Lane 6, 4 pL of
CH;CN; Lane 7, 3 uL of CH;CN; Lane 8, 2 ulL of CH3CN; Lane 9, 1 uL of CH;CN; (B) The conversion of
3.6 in the presence of different amounts of CH;CN and the curve was drawn to illustrate the trend of the
changes.

3.2.2.6 Acid concentrations for the fluoridation of 3.6

The fluoridation appears much more efficient in the presence of acid, as shown in
Figure 3.3. In addition, the reaction proceeds more rapidly in the presence of a higher
acid concentration. We therefore studied the acid concentration for this reaction. Figure
3.7B shows a general trend where the reaction yield depends on the concentration of HCI.
It seems that there is an optimal acid concentration (~ 1.64 M) in a reaction volume of 6

pL containing 67% organic solvent.
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Figure 3.7 Concentrations of HCI used in the fluoridation of 3.6.
(A), The TLC analysis of the study on the effect of HCI concentrations for the fluoridation of 3.6: each
reaction containing 3.6 (16.67 mM) and KHF, (33.33 mM) in 2:1 CH;CN:H,O (6 uL) in the presence of
HCl at rt for 1 hr. Lane 1, 0 M HCI; Lane 2, 0.17 M HCI; Lane 3, 0.67 M HCI; Lane 4, 1.00 M HCI; Lane 5,
1.33 M HCI; Lane 6, 2.10 M HCI; (B), the trend for the influence of HCI concentrations on the fluoridation
of 3.6 and the data were plotted for eye guidance.

The effect of the TsOH concentration on the fluoridation of 3.6 was also investigated.
Because the saturated aqueous solution of TsOH is around 3.6 M, we made a series of
stock solutions from 0.5 M to 3.5 M and added that to the reaction in the presence of 3.6
(16.67 mM) and KHF; (33.33 mM). The results in Figure 3.8 imply that, a better
conversion in the presence of the same amount of fluoride would be achieved with a

higher concentration of TsOH.
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Figure 3.8 Concentrations of TsOH used in the fluoridation of 3.6.

(A), The TLC analysis of the study on the effect of TsOH concentrations for the fluoridation of 3.6: each
reaction containing 3.6 (16.67 mM) and KHF, (33.33 mM) in 2:1 CH;CN:H,O (6 pL) in the presence of
TsOH at rt for 1 hr. Lane 1, only 3.6; Lane 2, 0 M TsOH; Lane 3, 0.083 M TsOH; Lane 4, 0.17 M TsOH;
Lane 5, 0.33 M TsOH; Lane 6, 0.42 M TsOH; Lane 7, 0.50 M HCI; Lane 8, 0.58 M TsOH. (B), The trend
for the influence of TsOH concentrations on the fluoridation of 3.6 and the data were plotted for eye
guidance.
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Figure 3.9 Addition of concentrated acids to the fluoridation of 3.6.

Reaction conditions: 100 nmol of BODIPY-boronate 3.6 and 200 nmol of KHF, in 4 uL of CH;CN and 1
pLH,0O was added with different amounts of concentrated HCI (left) or 3.5 M aqueous TsOH (right). The
reactions were incubated at rt for 1 hr and quenched with 100 pL of 5% NH4OH in EtOH. The conversion
of 3.6 was shown against the final concentration of acid in the reaction and the data were plotted for eye
guidance.

Notably however, it is very hard to control the acid concentration of radiofluoridation
reactions of arylboronates. Usually, concentrated HCI is directly added to acidify the
reaction mixture. Therefore, in order to mimic the addition of the concentrated acid in the
radiolabeling experiments, we tried to add different amounts (uL) of the concentrated
acid (12.6 M HCl or 3.5 M TsOH) to the reaction containing 100 nmol of
BODIPY-boronate 3.6 and 400 nmol of KHF,in 5 pLL 80% aqueous CH3;CN. Though the
concentrations of all reactants were changed due to the addition of different volumes of
the concentrated acids, we again observed what appeared to be an optimal acid
concentration for the reaction in the presence of HCI. In contrast, the reactions acidified
with TsOH suggested that once a certain concentration (0.078 M) of TsOH was reached,
similar yields after one hour incubation were obtained with different reaction volumes.
We realized that with the addition of a different amount of the concentrated acid, the
reaction volume was changed and the concentrations of the reactants i.e. 3.6 and KHF,
were also affected. Nevertheless, this study suggested that the fluoridation was optimal at
~ 1 M of HCl in a reaction volume of 5.5 uL. It also suggested that HCl and TsOH may

have played slightly different roles in the fluoridation based on the data in this section.
3.2.2.7 Effects of the ionic strength on the fluoridation of 3.6

In the '®F-radiofluoridations of arylboronic acids, there are basically two salt sources.

One is from the fluoride elution solution, which in our case is NaClOy4. The other one is
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the sodium chloride that is derived from the acid neutralization of sodium bicarbonate,
which co-elutes with '®F-fluoride from the anion exchange column (HCO; form).
Therefore, it is important to study the salt effects on the fluoridation to understand

whether or not the presence of these salts would influence the reaction.
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Figure 3.10 The study of salt effects on the fluoridation to prepare BODIPY-ArBF; 3.2.

(A), TLC analysis of the salt effects on the fluoridation of 3.2. Each reaction was carried out in the
presence of 3.6 (18.18 mM) and KHF, (36.36 mM) in 4:1.5 CH;CN:H,0O (5.5 pL) and HCI (1.15 M) at rt
for 1 hr with a different salt concentration. Lane 1, 0 M salt; Lane 2, 0.018 M NaCl; Lane 3, 0.091 M NaCl;
Lane 4, 0.18 M NaCl; Lane 5, 0.36 M NacCl; Lane 6, 0.55 M NaCl; Lane 7, 0.73 M NaCl; Lane 8, 1 pL of
saturated NaCl added to make a final reaction volume of 5.5 puL; Lane 9, 1 pL of saturated NaClO, added
to make a final reaction volume of 5.5 pL. (B) The conversion of 3.6 in the presence of different
concentrations of NaCl based on the TLC analysis shown in (A). The line was drawn to illustrate the trend
of the data.

The result shown in Figure 3.10 first suggested that the presence of NaClO4 (Lane 9)
seemed to enhance the reaction. The concentration of NaClO,4 used herein was based on
the possible concentration of NaClO4 that might be achieved by resuspension of NaClO4
(I mg)* in 10 pL of the fluoride solution. However, to our surprise, at the expected
concentration, a fair amount of the salt remained insoluble and it was then regarded as
saturated NaClOy in the fluoride solution. After one hour incubation, a yield of ~ 37%
was achieved in the presence of NaClO4. On the other hand, various NaCl concentrations
were tested for the fluoridation. There was a slight enhancement on the conversion of the
fluoridation reaction in the presence of salt. It seems that too concentrated or too dilute
salt solutions had very minimal effects on the overall yields. The fluoridation in the

presence of NaCl with a concentration of ~ 0.36 M demonstrated the highest yield in one

 The "®F-fluoride solution was concentrated at ~ 110 °C under helium flow in the presence of NaClOy (2
mg/mL, a total volume of 1 mL). The residue from this evaporation process was then re-suspended with the
F-fluoride solution in the form of KHF,.
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hour.

3.2.2.8 Kinetic studies on the fluoridation of 3.6
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Figure 3.11 The kinetic study of the fluoridation of BODIPY-boronate 3.6 in CH;CN or NMP.
The kinetic study was carried out via a series of reactions that underwent under same conditions at different
initiation time but quenched at the same time prior to the development of TLC in 20% MeOH/CHCI;. The
condition for the kinetic curve represented by (e) was in the presence of BODIPY-boronate 3.6 (18.18
mM), KHF, (36.36 mM), and HCI (1.15 M) in a total volume of 5.5 uL (4:1.5 CH3CN:H,0) at rt. That by
(m) was in the presence of BODIPY-boronate 3.6 (16.67 mM), KHF, (33.33 mM), HCI (2.1 M) in a total
volume of 6 uL (2:1 NMP:H,0) at 50 °C. The data were fitted to the equation: y = a(1-¢™). For (e) a =
0.47 + 0.0024 and kg, = 0.022 + 0.0034 min™' with R’= 0.9865 and for (m) a = 0.59 + 0.025 and kgp, =
0.032 £ 0.0045 min™' with R’ = 0.9777.

A kinetic experiment was undertaken for reaction conditions that I estimated to
represent an optimal fluoride concentration (4 eq., ~ 66 mM) from section 3.2.2.3, the
solvent content (3:1 organic solvent:H,O, v/v) from section 3.2.2.5, and the acid
concentration (1.09 M of HCl) from section 3.2.2.6 for CH3;CN. We used a slightly
higher volume and more acid for reactions in NMP at 50 °C. It was illustrated in Figure
3.11 that the reactions under both conditions reached apparent equilibrium. Moreover, the
data implied that the reaction in CH3CN at room temperature gave a yield of ~ 20% after

one hour incubation while it reached 44% in aqueous NMP at 50 °C.
3.2.3 Fluoridation studies by "’F NMR spectroscopy

The conditions determined from the previous section provide guidelines for the
fluoridation of any benzopinacol protected boronic esters and may also be useful for the
fluoridation of other boronic acids/esters. In this section, we used ’F NMR spectroscopy
to investigate the fluoridation of several arylboronic esters that are of great interest for

our purpose in developing new PET imaging agents. Since the fluoridation was carried

56



out under acidic conditions, a reaction with a total volume of approximately 4 mL was
first initiated in a plastic falcon tube, and around 150 pL of the reaction was removed and
quenched with 150 pL of 33.3% NH4OH in EtOH prior to the ""F NMR data acquisition

at a specific time point.
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Figure 3.12 The fluoridation of 3.7 studied by '°’F NMR spectroscopy.

(A), The fluoridation of heptylamide boronate 3.7 monitored by '"F NMR spectroscopy. The reaction
condition was 17.0 mM of 3.7, 33.33 mM of KHF,, and 1.68 M of HCl in 2:1 CH;CN:H,O at rt. 139 uL of
the reaction mixture was quenched with 139 pL of 33.3% NH,OH in EtOH and then the '"F NMR
spectrum of the quenched mixture was recorded on the 282.4 MHz spectrometer at certain time point
without locking to any solvent. The time points for the '’F NMR traces are indicated on the NMR spectra.
Other '’F-signals un-annotated are the aryl-fluoride Ar-F. (B), The kinetic fitting of the fluoridation of
boronate 3.7 via first order kinetics. The conversion of the fluoridation was calculated based on -19.23
ppm/-22.63 ppm (black) for the Ar-F or -30.50 ppm/-56.21 ppm (red) for the free fluoride/ArBF;. The data
were fitted to the equation: y = a (1-¢™). For the Ar-F: kgps= (2.7 £ 0.3) x 107 min”', R’= 0.9962. For the
free fluoride/ArBFs: kops= (4.9 £ 0.5) x 10  min™, R?=0.9921.

The fluoridation of heptylamide boronate 3.7, which is similar to 3.6 bearing the
benzopinacol protecting group but much easier and cheaper to make, was studied by '°F
NMR spectroscopy under the conditions optimized in the previous section. The '’F NMR
spectra recorded at certain time points are shown in Figure 3.12A. From the NMR
spectra, the free fluoride peak (-30.5 ppm) decreased while the peak at ~ -56 ppm
representing the ArBF; gradually increased. The chemical shift change of the aromatic
fluoride (Ar-F) suggests that the compound was consumed to give a new product, which
was later confirmed by ESI-LRMS to be the corresponding ArBF; ([M]: 340.4).
However, no obvious intermediate was observed in the quenched mixture. From the
kinetic data, the reaction was complete around nine hours and it proceeded to around
20% after the first hour. This result is quite consistent with the fluoridation of BODIPY-

boronate 3.6.

57



F ArBE

-
| (A,

7 min
1.0
. 8
3 min
c
S 4 HN._.NH
3 6 B
g F. F
c
o
. © 4
0.5 min
[e] N X
N H/\\
’ 3.10
Boronate 3.9
0.0

0 2 . 6 8
 (min)

Figure 3.13 The ’F NMR study on the fluoridation of 3.10.

The reaction condition was 17.0 mM of 3.10, 33.33 mM of KHF,, and 1.68 M of HC1 in 2:1 THF:H,O at rt.
139 pL of the reaction mixture was quenched with 139 uL of 33.3% NH,OH in EtOH and then the "°F
NMR spectrum was recorded on the 282.4 MHz spectrometer at certain time point without locking to any
solvent. The time points for the "’F NMR traces indicated from the bottom to the top are: without fluoride
treatment, 0.5 min, 3 min, 7 min. The conversion ratio was calculated based on -24.63 ppm/-26.56 ppm for
the Ar-F and fitted against y = a(1-¢™). kyps = 1.07 £ 0.02 min™', R = 0.9999.

1,8-Diaminonaphthalene is another favorable protecting group that has been reported
extensively to protect boronic acids and is always removed under acidic conditions.'?*'#®
1,8-Diaminonaphthalene protected boronates have very high stability under various
conditions including those used in the Pd catalyzed Suzuki reactions and accordingly
these boronates can be derivatized via different methods prior to acid treatment to
remove the protecting group and hence release the free boronic acids. Since
1,8-diaminonaphthalene is a base, the fluoridation of the boronate protected by this
protecting group may occur in a very rapid fashion under acidic conditions. Therefore,
boronate esters 3.9 and 3.10 with this protecting group were prepared and their
fluoridation was monitored by '’F NMR spectroscopy. Similar fluoridation conditions
were applied to the fluoridation of 3.10. THF was used instead of CH3CN as the
compound has a higher solubility in THF. It was found that the reaction went to
completion very quickly under similar conditions, as indicated in the '’F NMR traces in
Figure 3.13. One thing that might raise concern is the ratio of the fluoride integration
from the NMR spectra, which suggested the reaction mixture was with 8.7:1 (instead of
4:1) fluoride to the boronate ratio and this might be caused by the errors in sample

preparation since relatively a small amount of 3.10 was weighed for this reaction.
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Although the somewhat larger excess of fluoride® further accelerated the reaction, we
were delighted with the rapid fluoridation rate and high yields with the
diaminonaphthalene protected boronate 3.10. The fluoridation of its precursor 3.9 under

similar conditions also displayed a rapid fashion and its half-life was around 1.3 minutes.

To increase the acid sensitivity of the protecting group, the electron donating methoxy
groups were introduced to both the 2- and 7-positions of 1,8-diaminonaphthalene to
afford DiDiAN, which was expected to be a better leaving group under acidic conditions
due to the increasing basicity. We envisioned that the fluoridation of the DiDiAN
protected boronate esters should proceed more rapidly. Following the same protocol,
DiDiAN was installed on boronic acid 3.8 and the protected boronic acid 3.15 was
further conjugated with propargylamine to give the alkyne synthon 3.16 for the click
reaction that will be describe in Chapter 6. The '’F NMR study on the fluoridation of the
DiDiAN protected boronate 3.15 indeed exhibited an even higher reaction rate (t;, ~

0.43 min).

Based on knowledge of reactions involving electronic and steric effects, if the boronic
acid is “naked” (without any protecting groups), there is no steric hindrance involved to
prevent the fluoride or water from attacking the boron and consequently the fluoridation
should be rapid. Thus we studied the fluoridation of boronic acid 3.8, which can be
prepared in a relatively large amount and reasonable purity. Under the same conditions of
the fluoridation as that of 3.10 in THF/H,O, the reaction was complete within seconds’

(data not shown).
3.2.4 The "®F-fluoridation of boronates

I was able to exploit the above findings for '*F-radiolabeling of some boronates
discussed earlier in collaboration with the Center for Probe Development and
Commercialization (CPDC) in Hamilton. The DiDiAN protected boronate ester 3.16 was
prepared and tested for its '*F-fluoridation under similar conditions as shown in Figure

3.14. The radio-HPLC chromatograms suggest that the reaction was very fast and

% Fluoride concentration was the same as other ’F NMR studies, but the concentration of boronic acid
3.10 was much lower than that of 3.7 in Figure 3.12.

® The reaction was mixed for several seconds, quenched with NH4,OH buffer and then measured for its YF
NMR spectrum.
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equilibrium was reached at around 50 minutes. At equilibrium, around 30%
819 _fluoride was captured by the boron. Based on this, the conversion of boronate ester

3.16 was calculated to be ~ 62.5% to yield the 18F—ArBF3.
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Figure 3.14 The kinetic study on the '*F-fluoridation of 3.16.
The reaction condition: 17.4 mM of 3.16, 54.4 mM of KHF,, 1.10 M of HCI in 70% aqueous THF. Each
reaction was 5.75 pL in total and at certain time point was quenched with 5% NH4OH in 50% aqueous
EtOH (100 pL). The radioactivity for individual reaction was from 5.4 mCi to 6.3 mCi at the beginning of
synthesis (BOS). The quenched reaction was then injected into the UPLC with Program 6 and Column IIT
in HPLC System III.* The HPLC chromatogram shown in the left was the reaction undertaken for 38 min
at rt. The peak at 3.27 min represents the desired '"F-ArBF;. The kinetic curve on the right is the
incorporation of '*F-fluoride based on time, which is fitted with y = a(1-¢™) where a = 0.3174 + 0.0598
and Kops= 0.0314 £ 0.018 min™, R*= 0.8990.
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Figure 3.15 The radio-HPLC chromatogram of the '*F-fluoridation of 3.11

The reaction condition: 15.4 mM of 3.11, 38.5 mM of KHF,, and 0.97 M of HCI in 61.5% aqueous THF
(6.5 uL). The reaction (the radioactivity at the BOS: 6.84 mCi) was incubated at rt for 29 min and
quenched with 5% NH,OH in 50% aqueous EtOH. The crude reaction was injected into the HPLC with
HPLC Program 7 and Column I in HPLC System IV. The radiochemical yield is 44% (tg = 17.7 min) based
on the integration of the radio-peak.

We also studied the radiofluoridation of the free boronic acid 3.11 at the CPDC under
similar conditions. The radiochemical yields ranged from 40% to 60% in about half an
hour. This result was reproduced at TRIUMF. The result displayed in Figure 3.15
represented one of the radiofluoridations of boronic acid 3.11, which was done recently

at TRIUMF. For about 30 minutes, the reaction gave a radiochemical yield of 44% and

* The HPLC information can be found in Appendix B.
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no intermediate was observed in the radio-HPLC chromatogram.
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Figure 3.16 The radio-HPLC traces of the 18F-radiolabeling of 3.19, 3.20, 3.21 and 3.23.

The reaction condition: 15.4 mM of boronate, 38.5 mM of KHF, and 0.97 M of HCl in 6.5 pL of 61.5%
aqueous CH;CN (for 3.19 and 3.23) or THF (for 3.20 and 3.21). The reaction was quenched with 5%
NH4OH in 50% aqueous EtOH and injected into the HPLC with HPLC Program 8 for 3.19, 3.20 and 3.21
or Program 7 for 3.23 and Column I in HPLC System IV. The radiochemical yield of each reaction: 23%
for 3.19 (60 min, 2.03 mCi at the BOS), 30% for 3.20 (66 min, 1.93 mCi at the BOS), 22% for 3.21 (38
min, 3.54 mCi at the BOS) and 25% for 3.23 (63 min, 5.0 mCi at the BOS).

We then tested the '*F-fluoridation of more structurally complicated compounds 3.19,
3.20, 3.21 and 3.23 as shown in Figure 3.16. During these experiments, the boronates
with protecting groups as benzopinacol and 1,8-diaminonaphthalene showed slightly
different conversion profiles. Boronate 3.20, with 1,8-diaminonaphthalene as the

protecting group, showed a slightly better radiochemical conversion (30%) compared
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with the benzopinacol protected 3.19 (23%) and 3.23 (25%) for a reaction of one hour at
room temperature, while the free boronic acid 3.21 gave a conversion of 22% after a 38
minute reaction. These discrepancies are discussed below between the NMR data and the

radiofluoridations.
3.3 Discussion

3.3.1 Synthesis

The synthesis of BODIPY-boronate 3.6 was very straightforward as indicated in
Scheme 3.2. The construction for the core of BODIPY was achieved with a relatively low
but acceptable yield. It was found that the quality of 2,4-dimethylpyrrole is critical for
the reaction. Since 2,4-dimethylpyrrole is slightly air-sensitive, the reaction was
undertaken under a N, atmosphere. On the other hand, the amino group on BODIPY-NH,
3.5 that was produced by a Pd/C catalyzed reduction of BODIPY-NO, 3.4 is inactivated
by the highly conjugated and electron-deficient system, and the coupling reaction with
acid 3.1 consequently was very inefficient. In this chapter, the activating agent DCC was
used instead of the previously reported EDC-HCI/HOBt-H,O coupling® to provide a
simpler reaction environment and the reaction also gave a better conversion. For both
methods, a relatively high amount of a protodeboronated product was detected and this
complicated the purification by flash chromatography. The compound was normally
purified by flash chromatography, but a preparative TLC was always involved to further
resolve the compound from the protodeboronated compound. For some cases, the
preparative TLC purified product may still be contaminated with the deboronated
byproduct. The purified compound was then stored in aliquots of 100 nmol in 0.5 mL

polypropylene PCR tubes at -20 °C for the screening experiments.

1,8-Diaminonaphthalene is a known protecting group for boronic acids.'”® '** The
1,8-diaminonaphthalene protected boronate esters are reported to be very stable in
various conditions and this group can be removed under acidic conditions to release the
boronic acids. As the acid sensitivity of the protecting group might facilitate the
fluoridation, we prepared 1,8-diaminonaphthalene protected boronates 3.9 and 3.10.

Furthermore, in pursuit of a more acid-sensitive protecting group, DiDiAN was
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developed by introducing two methoxy groups onto 1,8-diaminonaphthalene to offer
more electron density on the naphthalene ring and hence to increase the basicity of the
amino groups to achieve a faster deprotection. Accordingly, 3.15 and 3.16 were prepared.
However, the syntheses of 3.15 and 3.16 carrying DiDiAN as the protecting group were
with much lower isolated yields than that of the 1,8-diaminonaphthalene protected
counterparts 3.9 and 3.10. Furthermore, through the simple acid treatment with 3.10 in
aqueous THF, boronic acid 3.11 was prepared. Based on the '’F NMR and 'H NMR

spectra, boronic acid 3.11 was with reasonable purity.

From the previous radiolabeling study of biotin-boronate 3.23, we have found that the
compound with a piperazine linker between the arylboronate and the biotin residue

19E_fluoride more efficiently than compounds with linear linkers.

always incorporates
Hence, boronic acid/esters 3.19, 3.20 and 3.21 were designed with the piperazine linker.
Moreover, to develop their ArBF;s as potential prosthetic groups, the terminal alkyne
functionality was introduced. Biotin-boronate 3.23 was prepared with some
modifications from the reported protocol.” The preparation of these compounds

followed standard protocols as shown in Scheme 3.5.
3.3.2 The fluoridation of BODIPY-boronate 3.6

Benzopinacol is a very bulky protecting group, which improves the stability of
arylboronates during syntheses, purification, and storage. Nevertheless, the fluoridation
of benzopinacol protected boronates might be influenced by the steric hindrance imposed
by the protecting group. To better understand the fluoridation of the benzopinacol
protected boronates, fluorescent BODIPY-boronate 3.6 was used for quantitative
fluoridation studies by TLC-fluorescent densitometry. Several factors related to the

reaction were investigated.

The effects of various solvents, acids, fluoride/acid concentrations, ionic strengths, and
temperatures on the fluoridation of boronate 3.6 were studied on the basis of the
semi-quantitative fluorescence. We have found that CH3;CN and NMP are two of the best
solvents for this reaction; NMP is suitable for the fluoridation at higher temperatures due

to its high boiling point. Reactions in the water miscible ethers such as 1,4-dioxane and
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THF also demonstrated very good conversions, but potential presence of peroxides may
cause very severe oxidative deboronation and thus limits their applications for
fluoridation. Nonetheless, the fresh solvents without any peroxide should also be very
useful for the fluoridation. To our surprise, alcoholic solvents performed very poorly in
the reaction while ‘BuOH appeared to be the best among the alcoholic solvents. This
might be interpreted in terms of their ability to compete with fluoride to fill the empty

orbital on the boron.

BODIPY-boronate 3.6 has a very hydrophobic skeleton, which requires high content of
the organic solvent to keep the reaction homogeneous. It was actually observed that any
precipitation of 3.6 during the fluoridation reaction usually resulted in low yields and this
trend was evident in Figure 3.6. It is almost always true that homogeneous reactions are
more efficient than the same reactions occurring between multi-phases. Moreover, it was
noticed that in testing various solvent content, dilution of the reaction occurred due to the
addition of CH3CN. This dilution effect may greatly reduce reaction efficiency. As a
result, we decided to use 75% organic solvent (CH3CN was tested, 8 pL as the total
reaction volume) in the reaction, which gave the best results while the reaction remained

homogeneous.

All the acids we examined showed very similar effects on the fluoridation. Very
interestingly, with TsOH that was tested at a much lower concentration than other acids,
the fluoridation of 3.6 exhibited a high conversion. We then further studied the effects of
HCI and TsOH on their performance in the fluoridation of 3.6. Generally, a higher acid
concentration favors the fluoridation. The fluoridation with HCI, whose concentration in
the reaction was raised to 2 M, showed an optimal concentration of 1.6 M in a reaction
volume of 6 pL. Another experiment, wherein different amounts of concentrated acids
were added to a 5 pL solution in 80% aqueous CH3CN containing BODIPY-boronate 3.6
(100 nmol) and KHF, (200 nmol) to initiate the reaction, gave similar results, as shown
in Figure 3.7 and Figure 3.9. The optimal concentration of HCl is ~ 1 M in a total
reaction volume of 5.5 puL. But that for TSOH is a bit more complicated. It seems that the
acid is critical for the reaction, but the dilution effect is very dramatic for reactions using

TsOH as the acid.
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Since each arylboronate in the reaction requires three fluorine atoms to form an ArBFs3,
higher fluoride concentration always will ensure a higher conversion of the arylboronate.
In contrast, we would like to know how low the concentration of fluoride can go while
still ensuring a relatively rapid reaction rate to give acceptable yields and reasonable
specific activities for the '*F-fluoridation. We then investigated the fluoride concentration
for the fluoridation. By working with varying equivalents of fluoride to boronate (1-8
eq.), we found that using 4 equivalents of fluoride (66.7 mM), the fluoridation of
BODIPY-boronate 3.6 gives a conversion of more than 20% within one hour. This may
be good enough to ensure reasonable yields without dramatically decreasing the specific

activity.

In the '®F-radiosynthesis of '*F-ArBFss, '*F-fluoride is first trapped on an anion
exchange column during the radiosynthesis and then released with an elution solution of
NaClO4 (2 mg/mL). The eluent also contains bicarbonate, which derives from the anionic
form of the resin. This bicarbonate would be neutralized to give NaCl when HCI is used
as the acid. Whether or not NaCl or NaClO4 plays any role in the fluoridation of the
boronates is very critical to understanding the radiolabeling reaction. From the results of
testing the effect of the salt shown in Figure 3.10, the presence of concentrated NaClO4
seems to promote the reaction to some extent. In contrast, there appears to be an optimal
concentration of NaCl for the reaction, where the NaCl concentration is around 0.36 M.

Generally however, the effects of salt on the reaction are small.

By combining all the conditions studied above, the kinetic fluoridation study of 3.6 in
CH3;CN at room temperature and in NMP at 50 °C suggested both reactions reached the
equilibrium. The reaction in NMP at 50 °C had a relatively faster reaction rate and gave a
yield of ~ 44% in one hour. Overall, a small volume reaction containing 100 nmol of
arylboronate ester, 4 uL of CH3CN, 1 pL of 0.2 M KHF; and 0.5 uL of concentrated HCI
is generally suitable for the radiolabeling experiment at room temperature. However, the
use of higher temperatures with NMP may provide an alternative for the fluoridation of

arylboronates.
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3.3.3 Fluoridation studies by "’F NMR spectroscopy

F NMR spectroscopy, with very high sensitivity, can be used to demonstrate any of
the changes based on the '’F-signals. The reaction conditions summarized in the previous
section were directly applied to the '’F NMR studies but with higher reaction volumes.
As we could watch either the changes in the integration values of the Ar-F peaks or the
changes in the integration values of the fluoride peak/the ArBF; peak, the '°F NMR study
is suitable for the compounds that can be prepared on a large scale. We focused on
several of the simple but potentially useful boronic acids protected with different
protecting groups to verify the conditions with regard to the fluoridation. Generally, the
arylboronates containing two or three Ar-F’s were studied due to the high solvolytic
stability of the corresponding ArBF;s under physiological conditions.®> The fluoridation
under the optimized reaction conditions was very effective, while different protecting
groups on the boronates had very strong bearing on the rate and yields of the fluoridation.
As shown in Figure 3.12, the fluoridation rate of heptylamide 3.7 with the benzopinacol
protecting group is very consistent with the fluoridation studies based on the fluorescent
BODIPY-boronate 3.6, while boronate esters bearing the acid-sensitive protecting groups
such as 1,8-diaminonaphthalene and DiDiAN displayed extraordinarily rapid reaction
rates under the same conditions. The fluoridation of boronic acid 3.8 appeared complete
within seconds upon mixing. Although it was indicated by the '’F NMR spectra that the
actually ratio of fluoride to the boronate ester was higher than expected, which might be
due to errors involved in weighing, the reactions occurred in a very rapid fashion and this

implied that they should be suitable for the one-step labeling.
3.3.4 '*F-Fluoridations of boronates

The key for the whole project is the radiofluoridation of arylboronates to afford
'SE_ArBFss. A relatively rapid reaction with a high specific activity is always favored.
With the conditions determined from the fluoridation study via TLC-fluorescent
densitometry analysis and '’F NMR spectroscopy, several compounds were tested for
radiofluoridation. Compounds with the alkynyl residue were used in this study because
they could give potential prosthetic synthons to label acid-sensitive probes. We were

luckily offered '8F_fluoride at both the CPDC and TRIUMF. The work at the CPDC
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highly supported the fast fluoridation of both boronic acid 3.11 and its DiDiAN protected
version 3.16. The kinetic study for the '*F-fluoridation of 3.16 exhibited in Figure 3.14
implied a very rapid "*F-fluoride incorporation to give the '*F-ArBFs. The kinetic curve
suggested the reaction reached the equilibrium after ~ 50 minutes. On the other hand, the
"F NMR studies on the fluoridation of the DiDiAN protected boronate 3.15, which is the
precursor of 3.16, demonstrated even more rapid kinetics for a reaction that was
complete in a short time to give the ArBF;. Therefore, we would regard the apparent
“equilibrium” of the radiolabeling of 3.16 to also reflect a state of completion. Moreover,
while the reaction was rapid with a half-life less than one minute for 3.15 based on the
F NMR studies, the radiofluoridation seemed much slower (> 30 min). As suggested in
Figure 3.7 and Figure 3.9 of the fluorescence study, the acid concentration is critical for
the fluoridation. However, the acid added to the radio-reaction is partially consumed to
neutralize the bicarbonate that co-elutes with '*F-fluoride from the anion exchange
column, and consequently the amount of the acid might actually be reduced considerably.
As a result, the reaction rate might be decreased accordingly. Since the reaction volume
of the radiofluoridation reaction is so small, it is very difficult to accurately control the
pH for the reaction, and normally 0.5 to 1 uL of concentrated HCI is added to bring the
reaction to low pHs. In contrast to the "’F NMR spectroscopy studies, the volume of the
radiolabeling reaction was only ~ 6 uL, in which case any evaporation of the organic
solvent or H'®'F would further influence the reaction much more dramatically than
reactions in larger volumes with similar concentrations of reactants. In addition,
specifically for this reaction, the starting material 3.16 was always found contaminated
with some unknown impurities, which could not be fully removed, and this might also

cause the observed yields to be lower.

Notwithstanding such discrepancies, boronic acid 3.11 was treated with '¥'°F-fluoride
under acidic conditions at room temperature for 30 minutes to give a radiochemical yield
of 44%. As with 3.16, the conversion rate of 3.11 was much slower than the '°F NMR
studies. It is believed that the difference from the large volume reaction to the small
volume reaction may play very significant roles as well as the consumption of acid by

bicarbonate accounts for the reduced reaction rate and yields.
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Three boronates (3.19, 3.20 and 3.21) with similar structures but different protecting
groups, along with biotin-boronate 3.23 were prepared to test the difference among the
protecting groups. The piperazine linker was used here since it was noticed that the
fluoridation of the arylboronates containing this linker (such as biotin-boronate 3.23)
always affords better conversions than those with linear linkers (data not shown).
Compounds 3.19 and 3.23 differ from 3.20 and 3.21 in terms of their aromatic system.
However, the fluoridation reactions suggested that 3.20, protected with the acid-sensitive
1,8-diaminonaphthalene underwent a slightly more rapid conversion than 3.19 and 3.23.
This might be due to the bulky nature of benzopinacol, which to some extent blocks the
p-orbital entry by the attacking fluoride. The fluoridation of 3.21 seemed relatively fast,
but when compared with the fluoridation of 3.11 using the same portion of '*F-fluoride,
the conversion was not as high as expected. Nonetheless, the results suggested that the
radiofluoridations of 3.19 and 3.23 were generally consistent with the TLC and '°F NMR
studies of similar benzopinacol protected arylboronate esters, and the results of the
radiolabeling reactions of 3.20 and 3.21 were similar to those observed in the ’F NMR
study of 3.10. Moreover, there was indeed some enhancement observed by the
introduction of the piperazine linker to the boronate esters compared with the one

without the piperazine linker.”
3.4 Conclusion

In this chapter, the fluoridation of boronates was studied via TLC-fluorescent
densitometry, '’F NMR spectroscopy, and radio-HPLC. The fluoridation conditions were
at least partially optimized: boronate (17 mM), HCI (1.64 M), and KHF; (33.33 mM) in
aqueous cosolvent (2:1 cosolvent:H,O, 5 ~ 6 pL) in an apparently homogeneous reaction.
CH;CN and NMP are regarded as appropriate H,O-miscible solvents for this reaction.
The radiofluoridation of the boronates could give radiochemical yields of 20-50% from
30 ~ 60 minutes. To achieve a fast fluoridation rate and a high yield, a new protecting

group, DiDiAN, was developed. In spite of its higher basicity to facilitate the fluoridation

* The fluoridation with RGD-boronate 8.7 with '®'’F-fluoride from the same source was undertaken the
same day and its radiochemical yield was only 11% after incubation for 57 minutes at room temperature
under the same fluoridation conditions. Although it is not clear why piperazine seems to accelerate the
fluoridation, this linker and other linker system might be worth studying.
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of the corresponding boronate ester, the moderate incorporation of this newly developed
protecting group to boronic acids and subsequent poor derivatization in attaching the
DiDiAN protected boronate to other functional molecules may limit its application.
Future optimization of the synthetic protocol may push the application of this protecting
group to a new level. In addition, the piperazine linker showed promising effects on the
fluoridation to prepare ArBFss. Overall, we identified improved, if not optimal,
fluoridation conditions and successfully applied these findings to the radiolabeling

syntheses of '*F-ArBFss, which will be applied in the following chapters in this thesis.
3.5 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Oakwood, Acros Organics or Alfa
Aesar. Solvents were obtained from Fisher Scientific and used without further treatment
unless otherwise noted. When required, the solvents were pretreatd following standard
protocols.'” The "F-Trap & Release column (HCOs form, ~ 10 mg) was purchased
from ORTG, Inc., or the Sep-Pak Light Accell Plus QMA cartridge (CI form) 37-50 um
was obtained from Waters. The TLC analysis was performed on aluminium-backed silica
gel-60 plates from EMD Chemicals and preparative TLCs and the analysis of all the
condition screening was undertaken on Silica Gel 60 Fs4 Glass TLC plates from EMD.
Flash chromatography was carried out on SiliaFlash F60 (230-400 mesh) silica gel from
SiliCycle. ESI-LRMS was preformed on a Waters ZQ with a quadrupole detector,
attached to a Waters 2695 HPLC. All NMR spectra were recorded on Bruker Avance
instruments with results reported as chemical shift (8) in ppm. 'H NMR spectra are
referenced to the tetramethylsilane peak (& = 0 ppm), °C NMR spectra are referenced to
chloroform peak (8 = 77.23 ppm), and ""F NMR spectra are referenced to neat
trifluoroacetic acid (6 = 0 ppm, -78.3 ppm relative to CFCl;). The fluorescent images

were obtained on an Amersham Typhoon 9200 Imager from GE Healthcare.

WARNING: All "®F-labeling work was done at TRIUMF or at the CPDC. Radiation
protection procedures strictly followed the TRIUMF Radiation Safety Regulations. Since
this work involves mainly manual handling, fairly high amounts of dosage might be

applied; special caution is required to reduce the operating time. A lead brick castle was
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built up to shield the radiation. All the materials that came in contact with the source
water (the '®O-water) were collected and decayed separately from other '*F-contaminated

stuffs including gloves, sleeves, vials, tubes and pipette tips prior to disposal.

3.5.1 Synthesis

2,4,6-Trifluoro-3-(4,4,5,5-tetraphenyl-1,3,2-dioxaborolan-2-yl)benzoic acid (3.1)

2,4,6-Trifluorobenzoic acid (1.40 g, 7.95 mmol) was dissolved in anhydrous THF (90
mL) and cooled to -78 °C over N,. Then 1.6 M BuLi in hexane (11.0 mL, 16.0 mmol)
was added dropwise to the solution during 30 min. The resulting red-to-orange slurry was
stirred at -78 °C for an additional 15 min and B(OCH;); (0.45 mL, 4.04 mmol) was
added. The reaction was stirred at the same temperature for 3 hr, and quenched by the
addition of 4 M HCI in dioxane (14.0 mL, 56.0 mL). The quenched reaction was further
stirred at -78 °C for 10 min; 1,1,2,2-tetraphenyl-1,2-ethanediol (3.80 g, 10.4 mmol) in
THF (30 mL) was added to the quenched mixture and the resulting mixture was then
allowed to warm up to rt and stirred for another 2 hr. The solvent was then removed
under vacuum. The residue was resuspended in a toluene/THF cosolvent (3:1, 80 mL)
and the solution was concentrated over vacuum. This was repeated a couple of times till
the TLC analysis suggested the reaction was done. The final residue was charged with
flash chromatography (EtOAc:hexanes 1:9) to give a white solid (Ry= 0.14 in 1:9
MeOH:CH,CL). Yield: 2.05 g, 47%. "°F NMR (282.4 MHz, CD,Cl, rt): & (ppm) -23.70
(s, 1 F),-16.83 (s, 1 F), -12.77 (s, 1 F); "H NMR (400 MHz, CD,Cl,, 1t): & (ppm) 6.93 (t,
J =940 Hz, 1 H), 7.13-7.38 (m, 20 H); *C NMR (100.6 MHz, CD,Cl,, rt): & (ppm)
83.13, 97.03, 101.78, 127.06, 127.32, 127.39, 127.45, 127.49, 128.50, 128.65, 141.98,
144.49; ESI-LRMS: [M+Na]": 573.3 (100%).

(2)-2-((3,5-Dimethyl-2H-pyrrol-2-ylidene)(4-nitrophenyl)methyl)-3,5-dimethyl-1H-
pyrrole (3.3)

This compound was synthesized according to literature protocol.'” Under a N,
atmosphere, para-nitrobenzaldehyde (610 mg, 4.03 mmol) and 2,4- dimethylpyrrole (770
mg, 8.09 mmol) in anhydrous CH,Cl; (350 mL) was added with 1 drop of TFA, upon the

addition of which the color of the solution changed from bright yellow to golden and
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then to brown red. The reaction was allowed to stir at rt under N, overnight. DDQ (900
mg, 4.01 mmol) was then added to the reaction in one portion and the reaction was
stirred at rt for another 20 min. The reaction was quenched with H,O (100 mL). The
layers were separated. The CH,Cl, layer was washed with H>O (3 x 100 mL) and brine
(1 x 100 mL), and dried over anhydrous Na;SO4. The solution was then filtered and
concentrated over vacuum and the residue was purified via silica gel column
chromatography (MeOH:CH,Cl, 0:100 gradient to 5:95) to give the desired product (R,=
0.34 in 1:9 MeOH:CH,Cl). Yield: 480 mg, 37%. '"H NMR (400 MHz, CDCl;, rt): & (ppm)
1.32 (s, 6 H), 2.40 (s, 6 H), 5.96 (s, 2 H), 7.57 (d, J = 8.40 Hz, 2 H), 8.36 (d, J = 8.40 Hz,
2 H); ®C NMR (100.6 MHz, CDCl;, t): & (ppm) 14.99, 16.13, 120.43, 123.97, 130.87,
139.89, 152.72; ESI-LRMS: [M+H]", 322.4 (100%).

BODIPY-NO; (3.4)

Compound 3.3 (480 mg, 1.49 mmo) was dissolved in toluene (200 mL) and DIPEA (5
mL, 28.7 mmol) was added to the solution under Ar. BF3-Et,O (5 mL, 40.5 mmol) was

123 Then the reaction

added dropwise and the resulting mixture was stirred at rt for 0.5 hr.
was washed with H,O (3 x 50 mL) and dried over anhydrous Na,SO,. The solution was
filtered and concentrated over vacuum and the residue was charged to flash
chromatography (CH,Cl:hexanes 1:1) to give a dark red solid as the desired product (R=
0.41 in 1:3 EtOAc:hexanes). Yield: 180 mg, 33%. "’F NMR (282.4 MHz, CD,Cl,, rt): &
(ppm) -69.55 (q, J = 32.10 Hz); 'H NMR (300 MHz, CD,Cl,, rt): 8(ppm) 1.39 (s, 6 H),
2.54 (s, 6 H), 6.06 (s, 2 H), 7.57 (d, J = 8.54 Hz, 2 H), 8.39 (d, J = 8.55 Hz, 2 H); °C
NMR (75.5 MHz, CD,Cly, rt): & (ppm) 14.49, 14.57, 121.83, 124.53, 129.85, 130.76,
138.85, 141.86, 143.02, 148.51, 156.58.

BODIPY-NH; (3.5)

Compound 3.4 (223 mg, 0.678 mmol) and 10% Pd/C (114 mg) were suspended in THF
(40 mL) under a H, atmosphere at rt overnight.'>® The reaction was filtered over Celite
and the filtrate was concentrated over vacuum. The residue was purified via silica gel
flash chromatography (toluene 100%) to give a light orange solid (R = 0.39 in 1:1
EtOAc:hexanes). Yield: 197 mg, 86%. "’F NMR (282.4 MHz, CDCl;, rt): 8(ppm) -70.22
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(q, J = 32.85 Hz); 'H NMR (300 MHz, CDCls, rt): § (ppm) 1.52 (s, 6 H), 2.57 (s, 6 H),
3.95 (s, br, 2 H), 5.99 (s, 2 H), 6.80 (d, J = 8.36 Hz, 2 H), 7.03 (d, J = 8.36 Hz, 2 H); 1°C
NMR (100.6 MHz, CDCls, rt): 8 (ppm) 14.72, 14.82, 115.59, 121.09, 124.88, 129.12,
142.81, 143.37, 147.19, 155.12; ESI-LRMS: [M+H]", 340.2.

BODIPY-boronate (3.6)

Boronate ester 3.1 (55.0 mg, 0.0999 mmol), BODIPY-NH, 3.5 (34.0 mg, 0.100 mmol),
and DCC (22.7 mg, 0.110 mmo) were dissolved in CH,Cl, (10 mL) and the reaction was
stirred at rt for 48 hr. The reaction was then filtered and concentrated; the residue was
purified by silica gel chromatography (CH,Cly:hexanes 1:1, then 5:3 and then 3:1) to
yield an orange solid as the desired product (Ry= 0.21 in 1:3 EtOAc:hexanes). Yield: 37.6
mg, 43%. '°’F NMR (282.4 MHz, CD,Cl,, rt): & (ppm) -69.81 (q, J = 31.72 Hz, 2 F),
-27.84 (s, 1 F), -21.56 (s, 1 F), -15.64 (s, 1 F); '"H NMR (300 MHz, CD,Cl,, rt): & (ppm)
1.38 (s, 6 H), 2.53 (s, 6 H), 6.04 (s, 2 H), 6.97 (t, J = 9.24 Hz, 1 H), 7.09-7.30 (m, 20 H),
7.33 (d, J = 8.45 Hz, 2 H), 7.83 (d, J = 8.46 Hz, 2 H), 8.06 (s, 1 H); ESI-LRMS:
[M+Na]", 894.5 (100%).

BODIPY-ArBF; (3.2)

BODIPY-boronate 3.6 (5 mg, 5.7 umol) in CH3CN (1 mL) was added with 0.8 M
KHF, (200 pL, 0.16 mmol) and 1 M HCI (50 pL) in a plastic falcon tube. The resulting
mixture was stirred at rt for 5 hr and then quenched with 5% NH4OH in EtOH (400 pL).
The quenched reaction was concentrated under reduced pressure and the residue was
loaded to the preparative TLC plate for purification (MeOH:CH,Cl, 15:85) to afford the
desired product (R = 0.20 in 1:4 MeOH:CHCls) for characterization. F NMR (282.4
MHz, d,-MeOD, rt): & (ppm) -70.23 (q, J = 32.10 Hz, 2 F), -60.78 (s, 3 F), -41.83 (s, 1 F),
-29.44 (s, 1 F), -22.58 (s, 1 F); "H NMR (300 MHz, d,-MeOD, rt): § (ppm) 1.51 (s, 6 H),
2.49 (s, 6 H), 6.07 (s, 2 H), 6.66 (t,J=9.44 Hz, 1 H), 7.31 (d, J = 8.42 Hz, 2 H), 7.90 (d,
J=8.38 Hz, 2 H); ESI-HRMS: calcd. for CycH»1B,N3OFs™: 563.1816, found: 563.1805.

2,4,6-Trifluoro-N-heptyl-3-(4,4,5,5-tetraphenyl-1,3,2-dioxaborolan-2-yl) benzamide
3.7

To boronate 3.1 (62.5 mg, 0.11 mmol), heptylamine (22.0 pL, 0.15 mmol), HOBt-H,O
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(20 mg, 0.13 mmol), and pyridine (38 uL, 0.47 mmol) in CH,Cl, (15.0 mL) was added
EDC-HCI (31 mg, 0.16 mmol). The resulting mixture was stirred at rt overnight and then
quenched by the addition of 2.5 N HCI (30 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (3 x 30 mL). The CH,Cl, was combined,
washed with H,O (2 x 30 mL) and brine (50 mL), and dried over anhydrous Na,SO4. The
solution was then filtered and concentrated under reduced pressure to give colorless oil,
which was purified by flash chromatography (EtOAc:hexanes 5:95 then 1:9) to give a
white solid as the desired product (R,= 0.45 in 1:3 EtOAc:hexanes). Yield: 46.4 mg, 63%.
F NMR (282.4 MHz, CD,Cl, 1t): & (ppm) -28.26 (s, 1 F), -21.89 (s, 1 F), -17.18 (s, 1 F);
'H NMR (400 MHz, CD,Cl,, rt): & (ppm) 0.90 (m, 3 H), 1.21-1.47 (m, 8 H), 1.60 (m, 2
H), 3.46 (q, /= 6.68 Hz, 2 H), 5.99 (s, br, 1 H), 6.86 (td, J; =9.30 Hz, J> = 1.69 Hz, 1 H),
7.03-7.28 (m, 20 H); °C NMR (100.6 MHz, CD,Cl, rt): & (ppm) 13.94, 22.69, 26.90,
29.02, 29.51, 31.85, 40.25, 96.90, 101.00, 101.28, 101.43, 127.12, 127.27, 127.37,
127.44, 128.48, 128.62, 142.01, 164.51; ESI-LRMS: [M+Na]", 670.2 (100%).

4-Borono-3,5-difluorobenzoic acid (3.8)

This compound was prepared according the literature  procedure.'’
3,5-Difluorobenzoic acid (2.40 g, 15.2 mmol) and TMEDA (5.0 mL, 33.6 mmol) in
anhydrous THF (60.0 mL) were cooled to -78 °C over a dry-ice/acetone bath under an Ar
atmosphere. 1.4 M sec-BuLi in hexanes (26.0 mL, 36.4 mmol) was dropwise added to
the solution for around 0.5 hr. The resulting mixture was kept stirring at — 78 °C for 2 hr
and the reaction was quenched by the addition of B(OCH3); (3.60 mL, 32.3 mmol). The
quenched reaction was warmed up to rt and stirred for an additional 4 hr. The reaction
was carefully acidified by 3 N HCI (80 mL) and then extracted with EtOAc (3 x 100 mL).
The EtOAc layers were combined, washed with H>O (2 x 50 mL) and brine (1 x 50 mL)
and then dried over anhydrous Na,SO4. The solution was filtered and concentrated in
vacuo. Hexanes (300 mL) was added to the residue to give a white precipitate, which was
filtered off as the desired product. Yield: 2.76 g, 90%. F NMR (282.4 MHz, ds,-DMSO,
rt): & (ppm) -25.65 (s); 'H NMR (300 MHz, ds-DMSO, 1t): & (ppm) 7.44 (d, J = 5.57 Hz,
2 H), 8.76 (s, br, 2 H).
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3,5-Difluoro-4-(1H-naphtho[1,8-de]-1,3,2-diazaborinyl)benzoic acid (3.9)

Boronic acid 3.8 (1.50 g, 7.34 mmol) and 1,8-diaminonaphthalene (1.41 g, 8.91 mmol)
in THF/PhCHj3 (1:2, 150 mL) were heated to reflux with a Dean-Stark apparatus for 4 hr.
The solvent was then removed under vacuum and the residue was subjected to column
chromatography (EtOAc:hexanes 1:3 then MeOH:CH,Cl, 3:97) to give a greenish yellow
powder (Ry = 0.20 in 1:9 MeOH:CH,Cl,). Yield: 1.70 g, 67%. "°F NMR (282.4 MHz,
ds-DMSO, rt): & (ppm) -23.33;'H NMR (300 MHz, ds-DMSO, rt): & (ppm) 6.41 (d, J =
7.01 Hz, 2 H), 6.91 (d, J = 8.23 Hz, 2 H), 7.03 (m, 2 H), 7.53 (d, J = 4.78 Hz, 2 H), 8.39
(s, 2 H); >C NMR (75.5 MHz, ds-DMSO, rt): & (ppm) 106.33, 112.17, 112.45, 117.43,
120.59, 128.26, 135.78, 136.57, 142.23, 163.75, 165.90, 166.04, 166.18; ESI-LRMS:
[M+H]", 342.1 (100%).

3,5-Difluoro-4-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-N-(prop-2-yn-1-yl)
benzamide (3.10)

Boronate ester 3.9 (162 mg, 0.500 mmol), propargylamine (45 pL, 0.703 mmol),
pyridine (807 pL, 9.99 mmol), and HOBt-H,O in DMF (10.0 mL) was added with
EDC-HCI (153 mg, 0.798 mmol) and the resulting mixture was stirred at rt overnight.
The solvent was then removed under reduced pressure and the residue was charged with
flash chromatography (EtOAc:hexanes 1:9 and then 1:4) to give a dark greenish solid as
the desired product (R;= 0.33 in 1:1 EtOAC:hexanes). Yield: 158.7 mg, 88%. '°F NMR
(282.4 MHz, ds-DMSO, rt): & (ppm) -23.57; '"H NMR (400 MHz, ds-DMSO, rt): & (ppm)
3.19 (t,J=2.20 Hz, 1 H), 4.09 (m, 2 H), 6.45 (d, /= 7.28 Hz, 2 H), 6.93 (d, /= 5.26 Hz,
2 H), 7.07 (t, J=17.80 Hz, 2 H), 7.57 (d, /= 7.28 Hz, 2 H), 8.38 (s, 2 H), 9.16 (t, /= 5.26
Hz, 1 H); °C NMR (100.6 MHz, ds-DMSO, 1t): & (ppm) 29.34, 73.94, 81.43, 106.33,
110.52, 110.81, 117.41, 120.60, 128.28, 136.58, 138.42, 142.29, 166.08; ESI-LRMS:
[M+CI], 396.4 (100%).

(2,6-Difluoro-4-(prop-2-yn-1-ylcarbamoyl)phenyl)boronic acid (3.11)

Boronate ester 3.10 (25.2 mg, 0.0709 mmol) was dissolved in THF (1.4 mL). 2 N
H,SO4 (0.3 mL) was added to the solution and the reaction was stirred at rt overnight.

Then the solution was diluted with 1 N HCI (10 mL) and extracted with EtOAc (3 x 20
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mL). The organic layers were combined, washed with 1 N HCI (1 x 10 mL), and dried
over anhydrous Na,SO4. The solution was then filtered and concentrated under vacuum
to give a grey powder, which was used directly in the future without further purification.
Yield: 12.7 mg, 76%. "°’F NMR (282.4 MHz, d,-MeOD, rt): & (ppm) -26.98; 'H NMR
(300 MHz, d,~-MeQOD, rt): 6 (ppm) 2.62 (t, J = 2.51 Hz, 1 H), 4.15 (d, J = 2.49 Hz, 2 H),
7.42 (d, J=7.50 Hz, 2 H).

2,7-Dimethoxynaphthalene (3.12)

In DMSO (12.0 mL) was added ground KOH (2.80 g, 49.9 mmol) and the resulting
mixture was stirred for 5 min. Then 2,7-dihydroxynaphthalene (1.00 g, 6.24 mmol) was
added in one portion (the mixture turned dark brown immediately) followed by the
addition of Mel (1.60 mL, 25.7 mmol)."** The mixture was stirred for an additional 24 hr
and quenched by H,O (15.0 mL). The mixture was filtered and the pellet was thoroughly
washed with H,O and 50% aqueous ethanol solution (30.0 mL), and dried over vacuum
over 5 hr to give a pale yellow powder as the desired product, which was used directly in
the following step without further purification. Yield: 1.11g, 85%. For characterization,
the powder was further purified by re-crystallization from MeOH/H,O to give white
needle crystals. "H NMR (400 MHz, CDCls, rt): & (ppm) 3.96 (s, 6 H), 7.04 (d, J = 10.67
Hz, 2 H), 7.11 (s, 2 H), 7.70 (d, J = 8.96 Hz, 2H); °C NMR (100.6 MHz, CDCl, rt): &
(ppm) 55.43, 105.45, 116.19, 124.46, 129.31, 136.08, 158.38.

1,8-Dinitro-2,7-dimethoxynaphthalene(3.13)

The compound was synthesized via a literature procotol with some modifications.'?
HNOs; (120 mL) was added to 2,7-dimethoxynaphthalene 3.12 (3.43 g, 18.2 mmol) in
HOACc (150 mL). The resulting red solution was stirred at rt for 2 hr and then filtered.
The solid was recrystallized with HOAc to give orange-green needle crystals. Yield: 2.51
g, 49%. "H NMR (400 MHz, ds-DMSO, 1t): & (ppm) 4.04 (s, 6 H), 7.69 (d, J=9.24 Hz, 2
H), 8.36 (d, J = 9.23 Hz, 2 H). °C NMR (100.6 MHz, ds-DMSO, rt): & (ppm) 58.20,
113.57,116.91, 123.28, 131.24, 134.94, 153.37; ESI-LRMS: [M+Na]", 301.3 (100%).
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1,8-Diamino-2,7-dimethoxynaphthalene dihydrochloride (DiDiAN-2HCI) (3.14)

The compound 3.14 was prepared via a modified method from the literature
procedure.'® AcCl (100 mL) was dropwise added to MeOH (100 mL) over an ice-water
bath for ~ 30 min and the resulting mixture was further stirred at 0 °C for 0.5 hr. Then
SnCl,-2H,0 (12.0 g, 53.2 mmol) and 1,8-dinitro-2,7-dimethoxynaphthalene 3.13 (1.45 g,
5.21 mmol) were added in one portion and the suspension was heated to 40 °C for 24 hr.
The reaction was cooled to rt. The solution was filtered and the pellet was thoroughly
washed with Et,0 to give a grey powder as the desired product. Yield: 1.16 g, 77%. 'H
NMR (300 MHz, D,0, rt): & (ppm) 3.89 (s, 6 H), 7.17 (d, J=9.17 Hz, 2 H), 7.63 (d, J =
9.16 Hz, 2 H). C NMR (75.5 MHz, D,0, 1t): & (ppm) 56.59, 111.48, 116.38, 124.23,
124.74, 128.81, 152.33; ESI-LRMS: [M-CH,4]", 203.3(100%)).

4-(4,9-Dimethoxy-1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3,5-difluoro-
benzoic acid (3.15)

2,6-Difluoro-4-carboxylphenylboronic acid 3.8 (450 mg, 2.23 mmol) was treated with
DiDiAN-2HCI 3.14 (650 mg, 2.23 mmol) in THF (30 mL)/toluene (60 mL) and the
reaction mixture was refluxed with a Dean-Stark apparatus overnight. The solvent was
removed under vacuum and the residue was treated with silica gel chromatography
(MeOH:CH,Cl; 1:99 to 5:95) to give the desired product as a purple powder (R,= 0.22 in
1:9 MeOH:CH,Cl,). Yield: 320 mg, 37%. °F NMR (282 MHz, ds-DMSO, 1t): & (ppm)
-24.34; "H NMR (400 MHz, ds-DMSO, rt): & (ppm) 3.82 (s, 6 H), 7.05 (q, J = 9.57 Hz, 4
H), 7.14 (s, 2 H), 7.52 (d, J = 7.76 Hz, 2 H); >C NMR (100.6 MHz, ds-DMSO, rt): &
(ppm) 57.34, 112.25, 112.54, 131.10, 114.52, 117.81, 121.14, 126.75, 127.60, 139.21,
165.94; ESI-HRMS: [M-H], calcd. for C;9H;4BNO4F,: 383.1015, found: 383.1023.

4-(4,9-Dimethoxy-1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3,5-difluoro-N-(

prop-2-yn-1-yl)benzamide (3.16)

The DiDiAN protected boronate ester 3.15 (34 mg, 0.089 mmol), propargylamine (12
pL, 0.177 mmol), HOBt-H,O (30 mg, 0.190 mmol), and NEt; (54 uL, 0.390 mmol) in
THF (5.0 mL) was added with EDC-HCI1 (40 mg, 0.210 mmol) in one portion; the

resulting mixture was stirred at rt for 23 hr. The solvent was removed under reduced
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pressure and the residue was charged with flash chromatography (MeOH:CH,Cl, 0:100
then 0.5:99.5 and then 5:95) to give a dark red solid as the desired product (R,= 0.21 in
1:1 EtOAC:hexanes). Yield: 7.4 mg, 20%. "°F NMR (282.4 MHz, ds-DMSO, rt): & (ppm)
-24.34 (s); '"H NMR (300 MHz, ds-DMSO, rt): 8 (ppm) 3.18 (t,J=2.39 Hz, 1 H), 3.79 (s,
3 H), 3.84 (s, 3 H), 4.10 (s, 2 H), 6.45 (d, J=9.21 Hz, 1 H), 6.95 (d, J=9.33 Hz, 1 H),
7.01 (s, 1 H), 7.20 (d, J=18.40 Hz, 2 H), 7.58 (d, J = 8.26 Hz, 2 H).

4-Oxo0-4-(prop-2-ynyloxy)butanoic acid (3.17)

Propargyl alcohol (2.00 mL, 35.7 mmol), succinic anhydride (4.10 g, 41.1 mmol) and
DMAP (0.86 g, 7.0 mmol)) in CH,Cl, (10 mL) was stirred at rt overnight."*’ Then the
reaction was poured into 1 N HCI (50 mL) and extracted with CH,Cl, (3 x 50 mL). The
CH,Cl; layers were combined, washed with 1 N HCI1 (2 x 50 mL) and brine (50 mL), and
dried over anhydrous Na,SOs. The solution was filtered and concentrated under vacuum
to give a pale white solid that had a very good quality to be used directly in the following
step. Yield: 3.82 g, 69%. '"H NMR (400 MHz, CDCl;, rt): & (ppm) 2.49 (td, J; = 2.46 Hz,
J>=0.55 Hz, 1 H), 2.70 (m, 4 H), 4.76 (dd, J, = 2.38 Hz, J, = 1.46 Hz, 2 H); °C NMR
(100.6 MHz, CDCls, rt): & (ppm) 28.77, 28.93, 52.50, 75.26, 171.51, 178.23; ESI-LRMS:
[M-H+2Na]", 201.3 (100%).

Prop-2-yn-1-yl 4-o0xo0-4-(piperazin-1-yl)butanoate (3.18)

DCC (206.0 mg, 1.0 mmol) was added to the CH,Cl, solution (10 mL) of 3.17 (103 mg,
0.66 mmol) and the solution was stirred at rt for 1 hr. Then piperazine (230.0 mg, 2.60
mmol) was added to the solution and the reaction was incubated at ambient temperature
overnight. The reaction was filtered over Celite and washed with H,O (50 mL). The
aqueous layer was extracted with CH,Cl, (3 x 50 mL). The CH,Cl, layers were combined,
washed with brine (2 x 50 mL) and dried over anhydrous Na,SO4. The solution was
filtered and concentrated under reduced pressure and the residue was charged with
column chromatography (MeOH:CH,Cl; 3:97 then 1:9) to give colorless oil as the
desired product (Ry = 0.45 in 1:9 MeOH:CH,ClL). Yield: 34 mg, 23%. 'H NMR (400
MHz, CDCls, 1t): & (ppm) 2.51 (t, J=2.24 Hz, 1 H), 2.67 (d, J=5.92 Hz, 2 H), 2.74 (t, J
=6.28 Hz, 2 H), 2.88 (d, J = 13.52 Hz, 4 H), 3.49 (s, 2 H), 3.61 (s, 2 H), 4.72 (d, J = 2.32
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Hz, 2 H); >C NMR (100.6 MHz, CDCls, rt): & (ppm) 28.16, 29.52, 43.30, 46.14, 46.51,
46.93,52.51,75.29, 78.10, 169.80, 172.78; ESI-LRMS: [M+H]", 225.5 (100%).

Prop-2-yn-1-yl 4-o0x0-4-(4-(2,4,6-trifluoro-3-(4,4,5,5-tetraphenyl-1,3,2-dioxaborolan
-2-yl)benzoyl)piperazin-1-yl)butanoate (3.19)

EDC-HCI (15.0 mg, 0.08 mmol) was added to boronate 3.1 (15.0 mg, 0.027 mmol), the
amine 3.18 (6.0 mg, 0.027 mmol), HOBt-H,O (5.0 mg, 0.033 mmol), and pyridine (10.0
pL, 0.118 mmol) in CH,Cl, (1.0 mL) and the resulting solution was stirred at rt for 24 hr.
The reaction was quenched by the addition of 3 N HCI (10 mL) and the aqueous was
extracted with CH,Cl, (3 x 30 mL). The organic layers were combined, washed with
brine (10 mL), and dried over anhydrous Na,SO4. The solution was filtered and
concentrated under vacuum to give an oily residue. The residue was then charged with
flash chromatography (MeOH:CH,Cl, 1:99 then 2:98) to afford a white solid as the
desired product (R,= 0.70 in 1:9 MeOH:CH,Cl). Yield: 12.9 mg, 64%. F NMR (282.4
MHz, CD,Cl,, rt): & (ppm) -28.83 (s, 1 F), -22.45 (s, 1 F), -17.30 (s, 1 F); '"H NMR (400
MHz, CD,Cl,, rt): & (ppm) 2.54 (s, 1 H), 2.68 (m, 4 H), 3.31-4.02 (m, 8 H), 4.70 (s, 2 H),
691 (t, J = 882 Hz, 1 H), 7.12-7.28 (m, 20 H); ESI-HRMS: calcd. for
C44H36BN,OgF3Na': 779.2516, found: 779.2500.

Prop-2-yn-1-yl  4-(4-(3,5-difluoro-4-(1H-naphtho|[1,8-de][1,3,2]diazaborinin-2(3H)
-yl)benzoyl)piperazin-1-yl)-4-oxobutanoate (3.20)

The 1,8-diaminonaphthalene protected boronate 3.9 (55.0 mg, 0.17 mmol) and 3.18
(29.1 mg, 0.13 mmol) was dissolved in THF (10 mL) with HOBt-H,O (29.0 mg, 0.19
mmol) and pyridine (50 uL, 0.58 mmol). To this solution was added EDC-HCI (43.0 mg,
0.22 mmol) in one portion and the resulting reaction was incubated at rt for 20 hr. Then
the reaction was poured to 1 N HCI (30 mL) and extracted with CH,Cl, (3 x 50 mL).
After combination, the CH,Cl, layer was washed with H;O (2 x 50 mL) and brine (50
mL), and then dried over anhydrous Na;SO,. The solution was then filtered and
concentrated under reduced pressure. The residue was loaded to a silica gel packed

column for flash chromatography (MeOH:CH,Cl, 0.5:99.5 then 1:99) to give a dark
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green solid as the desired product (R,=0.61 in 1:9 MeOH:CH,Cl,). Yield: 55.0 mg, 77%.
F NMR (282.4 MHz, CDCls, 1t): & (ppm) -23.94 (s); '"H NMR (400 MHz, CD,Cl, rt): &
(ppm) 2.56 (t,J =2.44 Hz, 1 H), 2.70 (m, 4 H), 3.40-3.90 (m, 8 H), 4.71 (d, J=2.48 Hz,
2 H), 6.45 (d, J = 7.24 Hz, 2 H), 6.60 (s, 2 H), 7.03 (d, J = 8.32 Hz, 2 H), 7.07 (d, J =
8.24 Hz, 2 H), 7.16 (t, J = 7.78 Hz, 2 H); ESI-HRMS: calcd. for CosH,sBN4O4F,Na '
553.1835, found: 553.1839.

(2,6-Difluoro-4-(4-(4-oxo0-4-(prop-2-yn-1-yloxy)butanoyl)piperazine-1-carbonyl)
phenyl)boronic acid (3.21)

Boronate 3.20 (26.5 mg, 0.048 mmol) in THF (5.0 mL) was added with 2 N H,SO4 (3.0
mL) and the resulting mixture was stirred at rt overnight. The mixture was then extracted
with EtOAc (3 % 30 mL). The organic layers were combined, washed with brine (3 x 30
mL), and dried over anhydrous Na,SO4. The solution was filtered and concentrated over
vacuum to give a pale green solid, which was used without further purification.” Yield:
22.3 mg, 113%. "F NMR (282.4 MHz, CDCls, 1t): & (ppm) -24.50 (s); '"H NMR (300
MHz, CDCl;, 1t): 8 (ppm) 1.30 (s, 2 H), 2.53 (t, J = 2.43 Hz, 1 H), 2.66-2.86 (m, 4 H),
3.50-3.92 (m, 10 H), 4.75 (d, J=3.24 Hz, 2 H), 7.02 (t, /= 9.24 Hz, 2 H).

Piperazinyl-biotin-HCI (3.22)

D-Biotin (244 mg, 1.0 mmol), fert-butyl piperazine-1-carboxylate (223 mg, 1.2 mmol),
HOBt-H,0 (199 mg, 1.3 mmol) and NEt; (1.2 mL, 8.6 mmol) in DMF (3 mL) was added
with EDC-HCI (259 mg, 1.35 mmol). The resulting mixture was stirred at rt overnight.
Then the solvent was removed under vacuum. The residue was charged to a silica gel
column for flash chromatography (MeOH:CH,Cl, 2:98 to 5:95) to give a white solid
(402 mg, 98%).> The product (100 mg, 0.24 mmol) was dissolved in 4 M HCl in dioxane
(6.0 mL, 24 mmol) and then stirred at rt for 5 hr. The solvent was removed over vacuum

to give a white solid, which was filtered and used directly without further purification.

* The free boronic acid is very fragile under varieties of conditions. And therefore, normally it’s not treated
with flash chromatography further.

® The characterization for this product is '"H NMR (300 MHz, CDCls, 1t) & (ppm) 1.48 (m, 11 H), 1.60-1.83
(m, 4 H), 2.37 (t, J= 7.47 Hz, 2 H), 2.75 (d, J= 12.78 Hz, 1 H), 2.91 (dd, J,= 12.83 Hz, J,= 4.88 Hz, 1 H),
3.17 (m, 1 H), 3.32-3.52 (m, 6 H), 3.60 (m, 2 H), 4.33 (m, 1 H), 4.52 (m, 1 H), 5.68 (s, 1 H), 6.28 (s, 1 H).
ESI-HRMS: calcd. for C;oH;,N,O,NaS": 435.2042, found: 435.2048.
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Yield: quant. 'H NMR (300 MHz, d,-MeOD, rt): & (ppm) 1.50 (m, 2 H), 1.67 (m, 3 H),
1.79 (m, 1 H), 2.50 (m, 2 H), 2.84 (d, J = 12.84 Hz, 1 H), 3.03 (m, 1 H), 3.11-3.46 (m, 7
H), 3.57 (m, 2 H), 3.67 (m, 3 H), 3.74 (m, 1 H), 3.87 (m, 4 H), 4.56 (s, br, 1 H), 4.74 (s,
br, 1 H); ESI-HRMS: calcd. for C14H25N40,S™: 313.1698, found: 313.1689.

Biotin-boronate (3.23)

Boronate 3.1 (155 mg, 0.28 mmol), amine 3.22 (0.24 mmol from previous step),
HOBt-H,O (46 mg, 0.30 mmol), and pyridine (0.12 mL, 1.50 mmol) in DMF (10 mL)
was added with EDC-HCI (61 mg, 0.32 mmol) in one portion. The mixture was stirred at
rt overnight. The reaction was diluted with CH,Cl, (50 mL) and poured into 3 N HCI (30
mL). The layers were separated and the aqueous layer was extracted with CH,Cl, (2 x 50
mL). The CH,Cl, layers were combined, further washed with brine (50 mL), and dried
over anhydrous Na,SO4. The solution was filtered and concentrated under reduced
pressure. The residue was then loaded to a silica gel column for flash chromatography
(MeOH:CH,Cl, 3:97 to 5:95). Yield: 105 mg, 51%. "°F NMR (282.4 MHz, CD,Cl,, rt): &
(ppm) -28.94 (s, 1 F), -22.61 (s, 1 F), -17.42 (s, 1 F); '"H NMR (400 MHz, CD,Cl,, rt): &
(ppm) 1.50 (m, 2 H), 1.70 (m, 4 H), 2.45 (m, 2 H), 2.76 (m, 1 H), 2.92 (m, 1 H), 3.20 (m,
1 H), 3.31-4.04 (m, 8 H), 4.34 (s, 1 H), 4.51 (s, 1 H), 5.51 (s, 1 H), 6.10 (m, 1 H), 6.94 (t,
J =8.46 Hz, 1 H), 7.01-7.53 (m, 20 H); ESI-HRMS: calcd. for C47H44BN,OgF,Na':
867.2975, found: 867.2961.

3.5.2 General procedures of the fluoridation

100 nmol of BODIPY-boronate ester 3.6 in a 0.5 mL PCR tube was resuspended in the
organic solvent (4 pL of CH3CN for instance). KHF, (1 pL of 200 mM KHF, for
example), and acid (0.5 uL of concentrated HCI for instance) were added subsequently.
The reaction was incubated at certain temperature (rt for example) for a certain reaction
time (1 hr for most of the cases). Then the reaction was quenched by the addition of 100
puL of 5% NH4OH in EtOH and 1 pL of the quenched reaction was loaded to the TLC
plate for the development in 20% MeOH/CHCIl;. Then the plate was air-dried and
scanned with the Typhoon 9200 Viable Mode Imager with the fluorescence mode: filter
of 526 SP Fluorescein, Cy2, Alexa Fluor488 and laser of Green (532) at the PMT of 250
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V. The images were analyzed by ImageQuant 5.2 and the intensity of the fluorescence
was corrected from the background. The kinetic data if available was analyzed with

SigmaPlot 10.0.

For the kinetics study by '’F NMR spectroscopy, the reaction was set up in a 15 mL
falcon tube. Generally, boronate (17 mM), HCI1 (1.64 M) and KHF, (33.33 mM) was
mixed in 66.7% aqueous CH3CN or THF solution. At certain time point, 150 uL of the
reaction mixture was quenched with 150 pL of 33% NH4OH in EtOH and the '°’F NMR
spectrum was recorded without solvent locking. The data was then analyzed by

MestReNova software and SigmaPlot 10.0.

The radiofluoridation experiments were carried out at either the CPDC in Hamilton or
TRIUMF in Vancouver, Canada. '*F-Fluoride was prepared via the bombardment of
"O-H,0 in the cyclotron and transferred or transported to the labeling site. The
'"F_fluoride was trapped in the anion exchange column with chloride form (at the CPDC)
or with bicarbonate form (at TRIUMF). Then the fluoride was released from the column
with 2 mg/mL NaClOy4 (1 mL). The basic eluent®, was evaporated at 100 ~ 110 °C under
Ar flow. Then "*F-fluoride was resuspended with 0.125 M KHF, (10 ~ 16 pL) and 1.25
pL (at the CPDC) or 2 uL (at TRIUMF) was transferred to the solution containing the
boronate (100 nmol) and concentrated HCI (0.5 pL). The reaction was incubated at rt for
30 to 60 min, quenched with 5% NH4OH ethanolic solution and then injected into the
HPLC over CH3;CN/HCO,NHj4 solvent system for analysis.

* The anion form of the anion exchange column at the CPDC is chloride. Therefore, 10~15 uL 0.95 M
NaHCO; was added to basify the solution.
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Chapter 4 Radiosynthesis of matrix metalloproteinase

inhibitor marimastat-'"*F-ArBF; to image breast cancer

4.1 Introduction

Matrix metalloproteinases (MMPs) are a family of proteinases capable of degrading the
protein components of the extracellular matrix (ECM) and membrane basements. MMPs
have shown important biological roles in cellular remodeling and reconstruction
processes.'>* Moreover, MMPs have been found to be abnormally expressed during many
pathological processes.'>> Thus, they have been one of the most targeted systems for drug
development and therapies. This chapter will be focused on studies in radiolabeling a
marimastat-arylboronate  conjugate to  give marimastat-' ‘F-aryltrifluoroborate
(Mar-""F-ArBF3) in order to image the MMP activity associated with breast cancer. In
this introduction section, a brief overview of MMPs, MMP inhibitors, and related

radiopharmaceutical agents will be given.
4.1.1 Matrix metalloproteinases

MMPs belong to the family of Ca(Il) or Zn(II) dependent endopeptidases. There are at
least 25 MMPs found in nature, 24 of which are from mammalian cells."** 134 The
research on MMPs has first disclosed that they play pivotal roles in degrading the ECM
to allow cells to interact with their subenvironments."** In addition, it has been found that
MMPs are also involved in the activation of various cell surface receptors and/or other
MMPs, the release of growth factors from either the ECM or the extracellular membranes,
shedding of cell adhesion molecules, and creating space for cell migration."**"*® Hence,
they are involved in many biological processes such as ECM remodeling, tissue and
organ repair and development, wound healing, and regulation of microenvironments in

many MMP dependent diseases and conditions."** 17

Generally, the inactive forms of MMPs contain two major domains, a Zn(II) binding

135,137

catalytic domain and an autoinhibitory pro-domain. The autoinhibitory pro-domain

has a conserved sequence containing cysteine at the C-terminus to coordinate with Zn(II)
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to inhibit catalysis."*> '*"1** The disruption of the Zn(II)-cysteine binding interaction by
destabilization or removal of the pro-domain allows Zn(II) to bind to the catalytic

133,137, 138

domain and therefore activate MMPs. In addition, many MMPs also contain a

hemopexin domain that controls aspects of the substrate recognition, enzyme activation,

and stabilization of the interaction between the enzyme and the substrate.'*> '*’

MMPs are involved in the degradation of the ECM during the development of embryos,

cell migration, tissue developments, and tissue remodeling.'*’

They also participate in
many pathological processes involving the ECM including inflammation, cellular
invasion, tumor aggression and metastasis, vascular diseases, kidney disease, arthritis,
and apoptosis.** '** Although the relevance of MMP secretion varies in various cells,
diseases, and animals, elevated levels of MMPs have been found in MMP dependent
diseases.'?® ** 3% 1t has been found that MMPs contribute to all the stages of disease
development and thereby they represent important molecular targets for drug

development against different MMP dependent diseases.
4.1.2 MMP inhibitors

Since MMP activity is very important for both normal physiological and abnormal
pathological processes, it is very useful to understand how to control and/or suppress
their catalytic activity for a variety of reasons: a) to understand their positive functions in
wound healing, tissue repair, and tissue remodeling; b) to understand the development of
MMP-dependent diseases such as various cancers, inflammation, and atherosclerosis, and
¢) to stop disease progression or alleviate the malignancy.'** '** 3% 137 For this purpose,
many MMP inhibitors have been developed. To validate the in vivo performance and
specificity of various inhibitors, corresponding imaging probes have also been prepared
to study the in vivo pharmaco-properties and validate target specificity towards various

malignant diseases such as cancer.
4.1.2.1 Endogenous MMP inhibitors

The in vivo activity of MMPs following proteolytic activation is precisely controlled
and balanced by endogenous MMP inhibitors. The imbalance between MMP enzymes

and their natural inhibitors may result in diseases associated with uncontrolled ECM
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degradation, such as inflammation, cell growth, and metastasis. For example, the normal
balance between MMPs and their natural inhibitors is disrupted due to the overexpression
of MMPs in tumor cells or surrounding host cells; this eventually facilitates tumor
progression/invasion, metastasis, and angiogenesis. There are several endogenous
inhibitors such as ap-macroglobulin family members and tissue inhibitors of
metalloproteinases (TIMPs)."*""'** TIMPs tend to be broad-spectrum inhibitors of the
naturally occurring MMPs found in animals yet exhibit different levels of specificity, and
are considered very important in regulating the ECM turnover, tissue remodeling, and

143 - 133, 143
cell behaviors. ™ There are four TIMPs encoded in human genomes, >~

and they have
been extensively characterized for their structures, biological activity, and functions.
Moreover, TIMPs are also found to be important for many biological processes such as
cell growth and differentiation, cell migration, antiangiogenesis, and apoptosis.'*'"'*
Structurally, TIMPs inhibit the activity of MMPs by binding noncovalently to the MMP

catalytic site.'** '*!

4.1.2.2 Synthetic MMP inhibitors

Synthetic MMP inhibitors (MMPIs) have received a great deal of attention and several
candidates are being developed and evaluated for their clinical potential as a means of
blocking the activity of the overexpressed MMPs in tumor progression, metastasis, and
angiogenesis. Based on their structural features, the synthetic MMPIs have been
subdivided into three groups: a) peptidomimetic inhibitors, b) non-peptidomimetic

inhibitors, and c) tetracyclines."” '**

By mimicking the sequence of collagen, which is an MMP substrate, peptidomimetic
inhibitors carrying a zinc binding group were developed. Among them, the sequence
containing the right hand side of the zinc binding groups has proven to be the most useful
inhibitors. Especially for the hydroxamate family, the hydroxamate moiety acting as a
bidentate ligand can coordinate strongly with the active Zn(I) cation. Among them, the
most representative examples are the leading compound, batimastat, and a 2™ generation
version, marimastat, which were developed by British Biotech. Both compounds showed
very potent inhibitory activity against several cancer cell lines. However, batimastat was

discontinued in early clinical trials due to poor response in cancer therapy and poor oral
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bioavailability.'*> Chemical modifications of batimastat led to marimastat as the first
orally bioavailable MMPI with similar inhibitory efficacy. Marimastat has been
examined in clinical trials; from phase I and II trials it showed mild to severe dose
dependent musculoskeletal toxicity causing joint and muscle pain symptoms, which were
reversible upon halting treatment. The clinical evaluation of marimastat was discontinued
in the phase III trial where it failed to show a significant difference in progression-free

145

survival or overall survival rates. ~ There is still some ongoing research currently

focused on examining the combination of marimastat and chemo/radio-therapeutic agents

with very promising results of delaying tumor growth.'*®'%

Nonpeptidomimetic MMPIs generally comprise sulphonamide inhibitors."** '** Most of
the sulphonamides have a hydroxamic acid or a carboxylic acid that also chelates zinc(II).
The sulfonamide group is further involved in key hydrogen-bonding interaction with a
backbone amide proton within the catalytic site of the enzyme.'** Clinical trials for the

leading compound, prinomastat, were discontinued due to its poor efficacy and toxicity

148

issues with musculoskeletal symptoms.™ There are also other nonpeptidomimetic

138, 144

MMPIs such as biphenylyl compounds and thiol inhibitors. However, patients

treated with the leading compounds also showed increasing disease progression and

therefore the trials were halted.
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Figure 4.1 Some synthetic MMPIs.

Tetracycline derivatives are another category of MMPIs. Different functional groups as
dimethylamino, methyl, ethyl, and hydroxyl groups are introduced to the molecule to
obtain the MMP inhibitory properties. The compound COL-3 showed very promising

potency to AIDS-related Kaposi Sarcoma.'* "> However, the functional mechanism of
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this compound remains unclear.

Despite the rapid development of synthetic MMPIs, there are few successful MMPIs
available in the treatment of cancer."”® Several factors might account for this. First, most
studies on MMPIs in preclinical development are focused on in vitro enzymatic
inhibition and ex vivo cell assays. Even for in vivo experiments, the efficacy and effects
of MMPIs are always investigated in animal models with early stages of diseases. As a
result, MMPIs have demonstrated the greatest efficacy in early-stage disease. However,
clinical trials are usually conducted on patients with advanced disease, who might
respond differently to the MMPIs. In order to validate MMPIs for therapeutic trials and
also to identify their relevance to specific MMPs in individual patients, MMP imaging

probes are required to provide valuable information.
4.1.3 Imaging MMPs

Although no MMPI drug is currently prescribed, MMPs are now regarded as one of the
most important classes of proteinases relevant to various diseases, especially with regard
to a majority of malignant tumors wherein MMPs are overproduced. Although the
development of MMPIs has resulted in the development of a variety of candidate drugs,
the clinical trials performed so far have mainly yielded disappointing results and many
drugs with high potential at early stage have been discontinued. On the other hand, the
overexpression of MMPs in cancers compared with healthy tissues potentially makes

138, 144 . L
’ Information from in vivo

MMPs ideal molecular targets for in vivo imaging.
imaging can perhaps provide better understanding to the distribution of in vivo MMPs as
well as the corresponding proteolytic activity.'*® Moreover, imaging data can also reveal
target specificity in an individual patient, which can guide more suitable treatment and
suggest a required dose of the MMPI drug to achieve in vivo inhibition of MMPs."*®
Hence, many imaging probes have been developed for MMPs. These imaging
compounds are mainly derived from MMPIs with high inhibitory activity. Both
nonradioactive probes as near-infrared fluorescent probes'”' >

PET and SPECT agents"® '** have been developed and evaluated. And several

and radioactive probes as

radioactive probes, as illustrated in Figure 4.2, will be briefly introduced in the following

part.
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Figure 4.2 Structures of some representative radiolabeled MMPIs.

Yale University School of Medicine and Bristol-Myers Squibb collaborated to develop
the small molecular MMPIs labeled with '''In and *™Tc to in vivo localize the MMP
activity and track the MMP-mediated post myocardial infarction remodeling."** Both
compounds '''In-RP782 and *’"Tc-RP805 contain the macrocyclic hydroxamic acid
coupled to either diethylenetriamine pentaacetic acid or 6-hydrazinopyridine-3-
carboxylic acid as the binding functionality for radiometals. **™Tc-RP805 was found to
specifically bind to MMP2 and its inhibition constant K; was measured (10.5 nM). One
week after surgically induced myocardial infarction in a chosen mouse model, the in vivo
localization of '''In-RP782 was observed by microautoradiography. The dynamic planar
imaging and late dual-isotope micro-SPECT/CT imaging with **'Tl and **™Tc-RP805
displayed favorable in vivo biodistribution and clearance kinetics for cardiac imaging.
These radiometal labeled MMPIs possess important diagnostic applications in localizing
the MMP activity and tracking the MMP-mediated post-myocardial infarction in the

given animal models.

A ''C-radiosynthesis, with good radiochemical yields (40-60%) and acceptable specific
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activities (0.6-0.8 Ci/umol at the end of the synthesis) in a short preparation time, was
reported for sulfonamidyl hydroxamic acids CGS 27023A'> and CGS 25966,"° both of
which are potent MMP inhibitors with ICsos in the nanomolar range against various
MMPs. However, for the radiosynthesis of [''C]JCGS 25966, the hydroxamic group
competed for ''C-methyl from ''C-methyltriflate, with desired ''C-methylation on the
phenolic oxygen, providing a modest radiochemical yield of ~ 20%.'> Further studies
indicated that the O-methylated hydroxamate analogues of CGS 27023A have similar
inhibitory capabilities as the parent compound CGS 27023A."7 The study of the
biodistribution and in vivo tumor imaging of [''C]CGS 25966 was reported soon after the
synthesis.'*® However, the results were a bit disappointing with low tumor-to-muscle and
tumor-to-blood ratios, while the tumors were nearly invisible in both breast cancer cell
line MCF-7 transfected with IL-lo implanted athymic mice and MDA-MB-435
implanted athymic mice. [''C]JFMAME was also prepared with radiochemical yields of
40-55% for imaging.'”” The microPET imaging in the same mouse model with

[''CIFMAME showed non-specific tumor uptake.

Kuhnast and co-workers radiosynthesized [''C]MMBA, a selective and high potent

MMP2 and MMP9 inhibitor, via a one-step methylation,'®

Radiochemical yields of
50-60% and specific activities of 0.3-0.7 Ci/umol were obtained within 40 minutes. The
radiolabeled compound has a nanomolar ICsy and demonstrated good-to-excellent serum
stability in normal mice, but there have been no in vivo imaging experiments in animal

models with elevated MMP levels that are relevant to this compound.

A series of carboxylic acid based MMP inhibitors containing the sulfonamide group
were developed for '®F-labeling with radiochemical yields of 13-43% for a total
radiosynthesis time of 60-70 minutes including the preparative HPLC purification.'®!
Two radiolabeled compounds with good in vivo stability, ['*F]SAV03 and its methyl ester
derivative ['*F]SAVO3M, were further examined for their in vivo biodistribution in
Ehrlich tumor (breast cancer) bearing mice, in which MMP2 is overexpressed in tumor
tissue.'®?> The biodistribution of [18F]SAV03 with an ICsy value of 1.9 uM demonstrated
comparatively high tumor uptake compared with other organs such as muscle, heart, lung,

spleen, kidney, and blood. However, the highest radioactivity uptake was observed in the
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small intestine and liver, which implied that first-pass effects® of ['*F]SAVO03 in the
animal largely influence its clearance. In addition, its methyl ester derivative
['"®F]ISAV03M, demonstrated a reduced first-pass effect with decreased liver uptake. As a
result, higher tumor-specific uptake was observed for ["*F]SAV03M. Moreover, since the
in vivo metabolite of ["*F]SAVO3M was found to be primarily ['*F]SAVO03,
['®F]SAVO3M is therefore regarded as a prodrug for tumor imaging. However, the
time-dependent increase of bone uptake accompanying during the [*F]SAV03M
circulation suggested substantial defluoridation of the tracer,'®* which discourages further

development of ['*F]SAV03M for in vivo MMP imaging.

Although a great deal of effort has been made to image cancer based on MMP targets,
there has been no clear “winner” among MMP imaging agents developed from MMPIs,
since most of the results from the imaging studies have been disappointing. Nonetheless,
because MMPs are considered to be excellent biomarkers for monitoring tumor
progression, development of new and more potent MMPI based imaging tracers might be
pivotal to provide useful information to assess the response to therapy, evaluate the drug

behavior, and offer indicators of tumor physiology.

4.1.4 Towards in vivo imaging of breast cancer with Mar-'"F-ArBF;
targeting MMPs

As introduced in the earlier section, marimastat, a hydroxamic acid MMPI, was
developed by British Biotech as the first orally bioavailable, broad-spectrum noncovalent
MMPI with a nanomolar ICsy. Although it was found to be relatively successful in
clinical trials phase I and II in spite of dose-dependent musculoskeletal toxicities, it was
discontinued in phase III clinical trials due to the fact that it did not provide any
improvement compared with other chemotherapeutic agents. On the other hand, the
phase III clinical trial involving a large group of patients with advanced cancer indicated
that marimastat was safe. Hence, we selected marimastat as a potential molecular probe,
onto which a boronic acid can be appended for aqueous '*F-fluoride capture to develop a

noninvasive, clinically safe radiotracer for in vivo tumor imaging by detection of the

* First-pass effect, also called presystemic elimination, refers to drug elimination due to the metabolism
and excretion in liver or lung before it reaches the circulation system.'®
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elevated MMP levels. In this chapter, the synthesis and the in vivo imaging study of
Mar-'F-ArBF; 4.15 will be described.?

4.2 Results

4.2.1 Synthesis

Marimastat-boronate ester 4.14 was synthesized as summarized in Scheme 4.1. Briefly,
diethyl D-tartrate was treated with HBr/HOAc, followed by EtONa to form epoxide 4.6.
Ring opening of epoxide 4.6 was carried out by treating 4.6 with isobutylmagnesium
bromide to afford 4.7. Diethyl ester 4.7 underwent saponification in the presence of
NaOH. The formation of a hemiacetal with acetone and a subsequent lactonization on 4.8
gave compound 4.9. In a simple HBTU coupling reaction, compound 4.9 was PEGylated
by tert-leucine derivative 4.4 to give compound 4.10, which was converted to methyl
ester 4.11 in MeOH under acidic conditions. The Cbz group of 4.11 was successfully
removed by the Pd/C catalyzed hydrogenolysis to give 4.12, which was then conjugated
to boronate 3.1 with EDC/HOBt as the dehydrating agents to afford 4.13. The
hydroxylaminolysis of methyl ester 4.13 with 50% aqueous hydroxylamine in the
presence of a catalytic amount of KCN afforded marimastat-boronate ester 4.14 in a
moderate yield. MarArBF; 4.15 was obtained quantitatively by treating boronate 4.14
with excess KHF, in MeOH under acidic conditions and it was purified by either flash
chromatography with a small silica gel column packed in a Pasteur pipette or by DMSO
extraction. Both the HPLC chromatograms of marimastat-boronate ester 4.14 and
MarArBF; 4.15 are indicated in Figure 4.3. In brief, marimastat-boronate ester 4.14 was
further purified via HPLC in a solvent system of H,O/CH3CN with 0.1% TFA adduct to
remove any possible silica gel contamination from flash chromatography. MarArBF;
4.15 was analyzed by HPLC for its purity in a solvent system that initially was composed
of H,O/MeOH. Since ArBF;s were found to undergo relatively fast defluoridation under
acidic conditions,'® no acid adduct was added to the HPLC solvents for the analysis of

ArBF;s.

* This work has been done in collaboration with Dr. Christopher M. Overall’s lab. The contribution by
individuals is stated in the Preface.
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Scheme 4.1 Synthesis of marimastat-boronate 4.14 and MarArBF; 4.15.

(a), CbzOSu, 1,4-dioxane, 0 °C then rt, overnight, 42%; (b), (Boc),CO, NaOH, ‘BuOH/H,0, rt, 20 hr, 92%;
(c), 4.1, TBTU, DIPEA, CH,Cl,, rt, overnight, quant., or HBTU, DIPEA, CH,Cl,, rt, overnight, 92%; (d),
TFA, CH,Cl,, rt, 2 hr, 87%; (e), i. 30% HBr/HOAc, 0 °C then rt, overnight, ii. AcCl (cat.), EtOH, reflux, 4
hr, 71% over two steps; (f), NaOEt, EtOH, 0 °C, 1 hr, 81%; (g), iso-BuMgBr, CuCN, Et,0, -30 °C, 1 hr,
34%; (h), 1 N NaOH (aq.), dioxane, rt, overnight, 95%; (i), 2,2-dimethoxypropane, TsOH-H,O, rt,
overnight, 70%; (j), 4.4, PyBOP, 2,6-Iutidine, CH,Cl,, rt, overnight, 58%; (k), TsOH-H,0, MeOH, reflux,
1 hr, 92%; (1), Pd/C, H,, MeOH, rt, 1.5 hr, 97%; (m), 3.1, EDC-HCI, Py, DMF, rt, overnight, 53%; (n),
NH,0H, KCN (cat.), MeOH/THF, rt, 6 hr, 58%; (0), KHF,, HCI, MeOH, rt,1 hr, quant.

A model compound, Cbz-PEG-marimastat (Cbz-PEG-Mar) 4.16, was also prepared
under KCN catalyzed hydroxylaminolysis from 4.11 in an isolated yield of 66%. This
compound was synthesized to provide a standard solution, which was used to determine

the concentration of MarArBF5 4.15 via a ferroin test, due to their structural resemblance.
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HPLC trace for marimastate-boronate 4.14 at 229 nm
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Figure 4.3 HPLC chromatograms of 4.14 and 4.15.

The top trace is for marimastat-boronate 4.14 and the lower one is for MarArBF; 4.15. The top one was
performed via HPLC Program 1 with Column I and the lower one was by HPLC Program 2 with the same
column (Column I) in HPLC System I. For the lower trace, the peak notified with the red arrow was
collected and checked with ESI-MS ([M]": 673.6).

4.2.2 The in vitro stability of MarArBF;4.15

The in vitro stability of MarArBF; 4.15 under physiological conditions was studied by
F NMR spectroscopy as shown in Figure 4.4. The defluoridation process observed for
MarArBF; 4.15 was similar to those rates described for N-HetArBFss in Chapter 2. The
ArBF; peak at -55.8 ppm slowly disappeared while the free fluoride peak (at pH 7.4) at
-42.5 ppm simultaneously increased. There was no appearance of any intermediate
during this process, and as expected the solvolyzed product boronic acid subsequently
underwent complete protodeboronation as illustrated by the appearance of two aryl
fluoride peaks (> -40 ppm) during the experiment. The solvolytic half-life of 4.15 at

neutral pH was measured as 1235 + 50 minutes.
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Figure 4.4 The hydrolysis of MarArBF; 4.15 in 1 x PBS (pH 7.4) monitored by "F NMR

spectroscopy.

(A) "F NMR spectra for the solvolysis of MarArBF; 4.15 in 1 x PBS (pH ~ 7.4) at rt. The free fluoride is
at -42.5 ppm and the fluoride on boron of 4.15 is at -55.8 ppm. (B) The exponential fit of the hydrolysis of
MarArBF; 4.15 against time with the first order decay process. kops = (5.61 = 0.23) x 10*min™, R? =
0.9971.

4.2.3 The stability study of hydroxamic acids under acidic conditions

The radiosynthesis of MarArBF; 4.15 occurs under acidic conditions. Therefore, good
acid stability of the substrates is essential to ensure the bioactivity following the
radiolabeling. The MMP inhibitory activity of marimastat is largely determined by the
hydroxamic acid functionality, which is the zinc(Il) binding group. While there have
been reports related to acid catalyzed hydrolysis of several hydroxamic acids at elevated
temperatures (45 °C, 55 °C etc.),'*'%” none of them have described the situation at room
temperature. Since the preparation of ArBFss occurs under acidic conditions at room
temperature, it is very important for us to verify whether the hydroxamic acid group
could survive under similar acidic conditions. Hence, we synthesized N-hydroxy-2-
phenylacetamide 4.17 to study its acid stability on a time scale of one hour at room
temperature. Since the ferroin test, which will be introduced shortly, is very rapid and
relatively accurate for measuring the concentration of hydroxamic acids, we decided to
adopt this test to measure the kinetic changes on the incubation of 4.17 in the acidic
solution at a (HCI) concentration comparable to that of a radiolabeling reaction. As
indicated in Figure 4.5, very minor changes occurred within the time window of six
hours. This suggested that at least for a short period of time, compound 4.17 was stable

under acidic conditions.
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Figure 4.5 The study on the acid stability of 4.17 with the ferroin test analyzed by UV-vis
spectroscopy.
Each assay contained hydroxamic acid (25 mM) and HCI (2 M) in 50% aqueous EtOH. After incubation
for a certain time, 10 pL of the sample was added to 490 uL of FeCl; (510 uM) in EtOH and the UV
absorption spectra (300 to 800 nm) were recorded immediately.
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Figure 4.6 The acid stability of 4.17 studied by '"H NMR spectroscopy.

The acid catalyzed decomposition of hydroxamic acid 4.17 (21.6 mM) in the presence of D,SO,4 (1.7 M) in
1:1 d;-DMSO:D,0 was monitored by 'H NMR spectroscopy (300 MHz). The spectra with a chemical shift
range of 1 to 5 ppm are demonstrated here. The reaction time upon the recording of the 'H NMR spectrum
is indicated on the corresponding trace and the percentage of 4.17 in the mixture was calculated based on
the integrations of the CH, peaks at 3.29 ppm (that of 4.17) and 3.48 ppm (that of the hydrolyzed product).
The NMR spectra from the bottom to the top were from the beginning of the incubation to nearly the end
of the experiment. Then the percentage of 4.17 v.s. time was plotted using the equation: y = a*e™, where
its decomposition rate constant under this condition was kgps= (2.58 + 0.05) x 102 min™', R? = 0.9989.

Encouraged by these UV-vis data, we further studied the acid stability of hydroxamic

acid 4.17 by '"H NMR spectroscopy under more forcing acidic conditions, as shown in
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Figure 4.6. The need to work in the deuterated solvent resulted in a change to ds-DMSO,
which might also change the rate of the acid-catalyzed solvolysis. The result indicated
that the hydroxamic acid indeed decomposes under acidic conditions and compound 4.17
fully (> 98%) decomposed after 24 hours. To further identify the product, the crude
reaction was analyzed by HPLC. It was found that the product shared the same retention
time with phenylacetic acid (tg = 13.5 min via HPLC Program 1 with Column I in HPLC
System I). Nevertheless, the rate was relatively slow when compared with the
fluoridation process, and at the first hour of incubation, approximately 15% was

consumed.

We then synthesized a succinimidyl hydroxamic acid 4.18, which is more structurally
similar to marimastat, and incubated it in the aqueous ds-DMSO solution containing
D,S0O4 to monitor its change in the same manner as for compound 4.17. As demonstrated
in Figure 4.7, the hydroxamic acid was slowly converted to another species. However, in
contrast to the hydrolysis of 4.17, which went to completion, that of 4.18 slowed down
and appeared to approach equilibrium, as displayed in the kinetic curve, which was
plotted based on the change of the peak integration value at 4.08 ppm. From the kinetic
data we obtained, there was ~ 15% of the starting material being consumed within a one

hour reaction.
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Figure 4.7 The acid stability of 4.18 studied by '"H NMR spectroscopy.
The acid catalyzed hydrolysis of hydroxamic acid 4.18 (21.6 mM) was investigated by 'H NMR
spectroscopy (300 MHz). The '"H NMR spectra with a range of 1 to 5 ppm are demonstrated. The sample
contained 21.6 mM of 4.18 in 1.70 M D,SO, in 50% deuterated aqueous ds-DMSO. The reaction time
upon the recording of the 'H NMR spectrum is indicated on the corresponding trace. The percentage of
starting material 4.18 was calculated based on the integrations of CH,N at 4.08 ppm (that of 4.18) and 3.87
ppm (that of the hydrolyzed product). The percentage of 4.18 against t (min) was fitted with the equation: y
= yot+a*e™ where yo = 0.55 + 0.0034 and the hydrolysis rate constant ko, = (6.04 £ 0.2) x 10~ min™, R’=
0.9985.
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Nevertheless, both of the experiments on 4.17 and 4.18 suggested that at least for a one
hour fluoridation reaction of an arylboronic acid under acidic conditions, the hydroxamic
acid should be relatively stable and the structure of the marimastat would not be
dramatically influenced, which was further confirmed by the enzyme inhibition assays on

pure MarArBFj; 4.15 as featured in the next section.
4.2.4 Invitro enzyme inhibition assays of marimastat derivatives

The in vitro bioactivity of any potential imaging agent provides guidelines for
researchers to further study the in vivo imaging with specific targeting capabilities and
other in vivo properties. Even though the derivatization at the C-terminus of tert-leucine

168 the

residue of marimastat is known not to interfere with the potency or specificity,
enzymatic inhibitory activity of the synthesized marimastat derivatives was measured in
MMP assays. One very important parameter for these assays is the concentration of the
inhibitor solution. In contrast to other hydroxamic acids, it was nearly impossible to
obtain a relatively large amount of MarArBF; 4.15 due to the reaction scale and
purification process. In addition, because MarArBF; 4.15 is composed of weak
chromophores, direct and accurate determination of its concentration by spectroscopy
methods is difficult. Nevertheless, hydroxamic acids can usually be quantitatively
measured via colorimetric methods by taking advantage of their chelating properties with
Fe(Ill) to rapidly give red-brown complexes in solution.'®'" Although structural
differences of the hydroxamates can influence the coordination with Fe(IIl) and thereby

change the spectroscopic read-out, the detection limit of this method is as low as 107

171
M.

As mentioned earlier, it is difficult to ascertain an accurate concentration value for
MarArBF; 4.15 by mass. Hence, it is impossible to obtain a calibration curve to
determine the concentration of a given MarArBF; 4.15 solution. On the other hand, its
analogue Cbz-PEG-Mar 4.16 has high structural resemblance to 4.15 and should form the
same type of Fe(Ill)-hydroxamate complex. It is therefore hypothesized that the
Fe(11I)-4.16 complex has similar optical properties as the Fe(IlI)-4.15 complex. With the
same Fe(IIl) binding group as 4.15 and 4.16, the commercially purchased marimastat

was also used to determine the extinction coefficient of its Fe(Ill) complex. By
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comparing the extinction coefficients of complexes Fe(Ill)-marimastat and Fe(Il1)-4.16, a
direct application of the extinction coefficient of Fe(Ill)-4.16 can be directly used to

determine the concentration of Fe(III)-4.15. The result is demonstrated in Figure 4.8.

—— 1.2 mM Marimastat in EtOH
—— 2.4 mM Marimastat/2.5 mM FeClz in EtOH

—— 2.5mM FeClg in EtOH

AU
N

T T T T T T T
100 200 300 400 500 600 700 800 900

A (hm)
Standard Curve Standard Curve at 500 nm of MarArBF, of Unknown Concentration
25 1.6
1.4 4
2.0 A
A 124
- §
P >
g 154 A E 1.0 4
[} e 2]
< - S s
s - s
D 1.0 )
< 0 < .6
44
54 A Fe(lll)-Marimastat
®  Fe(ll)-4.16
241
0.0 T T T T T T 0.0 T T T T T
0.0 2 4 6 8 1.0 12 14 0.00 .02 .04 .06 .08 .10
Concentration (mM) Dilution factor

Figure 4.8 The determination of the concentration of MarArBF; 4.15 by the ferroin test.

(A) The color change of FeCl; ethanol solution (5 mM) upon the addition of marimastat (6.9 mM), from
left to right are the assays containing from a high amount of marimastat to a low amount added; (B), the
UV spectra for the ferroin assay on marimastat: the black trace is the UV spectra of marimastat (1.16 mM)
in EtOH, the green trace is that of 2.50 mM FeCl; in EtOH; the red trace is that of the mixture of
marimastat (2.43 mM) and FeCl; (2.50 mM) in EtOH; (C) calibration curves for the Fe(III) complexes of
hydroxamic acids at 499 nm for both Cbz-PEG-Mar 4.16 (black) and commercial marimastat (red). The
extinction coefficients () were calculated via the slopes of the linear fitting curves: e(Fe-4.16) is 1526 +
2.7 M'em™ (R?= 1) and e(Fe-marimastat) is 1560 + 4.5 M'cm™ (R’= 0.9999); (D) a calibration curve for
the Fe(Il)-MarArBF; 4.15 in d,-MeOD with unknown concentration via the ferroin test. The data were
fitted linearly and the slope is 13.99 + 0.146 (R’ = 0.9989). By using the extinction coefficient determined
in C for Fe(Ill)-4.16 (1526 + 2.7 M'em™), the concentration of the stock solution of MarArBF; 4.15 was
calculated to be 9.07 + 0.095 mM.

Figure 4.8A shows the color changes that occurred upon the addition of marimastat to
the ethanolic Fe(IIl) solution (5 mM), from light yellow (color of ethanolic Fe(IIl)) to

red-brown (color of the Fe(Ill)-marimastat complex), which is consistent with a previous

97



literature report.'”' Figure 4.8B further indicates the different UV-absorption profiles of
Fe(IlI), marimastat, and the Fe(Ill)-marimastat complex from 200 to 800 nm. From the
spectra, the Fe(IlI)-marimastat complex has a specific absorption between 400 to 800 nm,
while neither Fe(IIl) nor marimastat shows any UV activity in this range. The maximum
absorption of different Fe(Ill)-hydroxamate complexes is found at slightly different
wavelengths around 500 nm and we followed a literature procedure to record all
absorbance values at 499 nm. On the other hand, to make sure that all the hydroxamic
acid being consumed gave only 1:1 Fe(Ill)-ligand complexes, a large excess of Fe(Ill)
was used in the ferroin test, which results in a high absorption noise between 200 and
400 nm. Different amounts of hydroxamic acid were added to the Fe(III) stock solution
for UV-vis absorbance measurement at 499 nm, and a calibration curve was then
constructed as shown in Figure 4.8C for the Fe(Ill) complexes of marimastat (red) and
4.16 (black) respectively. The extinction coefficients are calculated to be 1526 + 3
M'em™ for Fe(Ill)-4.16 and 1560 + 5 M'cm™ for Fe(IIl)-marimastat. The very close
extinction coefficients imply that the UV absorbance of these Fe(IlI)-complexes at 499
nm is primarily determined by the chelating groups such as the hydroxamic acid and the
a-hydroxyl group. Hence, the extinction coefficient of the complex Fe(Il1)-4.16 was used
to determine the concentration of a stock solution of MarArBF; 4.15 (9.07 mM), as

indicated in Figure 4.8D.
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Figure 4.9 The MMP2 inhibition assay with marimastat compounds.
Commercial marimastat (A ) ICso= 2.19 nM; MarArBF; 4.15 (o), ICs5o= 1.88 nM; Cbz-PEG-Mar 4.16 (0),
IC5p=2.05 nM.

The marimastat compounds used in the ferroin test were then examined for their
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enzymatic inhibitory activity. As shown in Figure 4.9, the activities of all the marimastat
compounds tested are within the nanomolar range and are very consistent with literature
reports. This also suggests that the acidic conditions for the fluoridation have little
influence on the structure of MarArBF; 4.15 and therefore its bioactivity (ICso~ 2 nM) is

retained under acidic conditions.

4.2.5 Fluorescent marimastat-FITC and in vitro cell imaging

1 2 3 4 1 2 3 4

MMP14  Vector

C

Figure 4.10 The specificity of marimastat-FITC 4.19 and the in vitro cell image of MMPs.

Image A was the gel image of marimastat-FITC bound MMPs: the recombinant human MMPs 2, 9, and 13,
which are 4-aminophenylmercuric acetate-activated MMPs, resolved on 10% SDS-PAGE gel, renatured,
incubated with marimastat-FITC 4.19 and washed thoroughly prior to the visualization of the gel. Image B
was the same gel of A that was further stained with Coomassie brilliant blue before gel visualization. Lane
1, the protein size marker; Lane 2, MMP2, Lane 3, MMP9, and Lane 4, MMP13. Image C, MDA-MB-231
cells stably transfected with MMP14 and vector were incubated with marimastat-FITC 4.19 (green) and
cell nuclei were counterstained with Hoechst blue dye.

In the above section, we demonstrated that the derivatization through the C-terminus of
tert-leucine residue has very little effect on the enzyme inhibitory activities. Prior to the
in vivo animal imaging, cell binding assays could offer more direct information as to the

ability of marimastat to target MMPs. Therefore, the fluorescent marimastat-FITC 4.19
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was synthesized® and its ICsy value was determined to be 2.10 nM via an inhibitory

competition assay with a fluorescent MMP substrate QF24.°

To start with, the binding of marimastat-FITC 4.19 to MMPs was visualized directly on
an SDS-polyacrylamide gel. The gel image as shown in Figure 4.10A clearly suggested
specific binding of marimastat-FITC 4.19 to MMPs. Comparing the gel image shown in
Figure 4.10A with Figure 4.10B, neither the molecular weight markers nor the band
corresponding to a molecular weight around 36 kDa, representing the autolytically
cleaved hemopexin domain of MMP13, was labeled with 4.19. This revealed the active
site specificity for the labeling. In addition, as indicated in Figure 4.10C,
marimastat-FITC 4.19 specifically labeled MMP14, which is stably transfected in human
MDA-MB-231 breast cancer cell lines and is always highly expressed in cancer, while
there was nearly no labeling for the vector control cells. This helped us to establish

marimastat’s in vitro affinity and specificity.

4.2.6 Radiosyntheses of Mar-'"F-ArBF;4.15

4.2.6.1 The radiosynthesis of Mar-'"*F-ArBF; 4.15

The radiolabeling of marimastat-boronate 4.14 was first undertaken with a low amount
of radioactivity and analyzed by autoradiographic TLC following resolution by 20%
MeOH in CHCls. As shown in Figure 4.11, under the given conditions, '"*F-fluoride does
not migrate off the baseline of the TLC plate, while Mar-'*F-ArBF; 4.15 has an Ry value
of ~ 0.15. Two aqueous cosolvents (CH;CN and DMF) were tested for the '*F-labeling
reaction. From the autoradiographic TLC, it is clear that the conversion of 4.14 was
better in aqueous CH3CN than in aqueous DMF. The radioactivity loaded onto the TLC
plate from the crude reaction in CH3CN seemed to saturate the phosphorimager screen,
while the conversion of the reaction in aqueous DMF was about 15% based on the TLC
analysis. Nevertheless, to our surprise, the small silica gel column (~ 8 cm high) was not
effective for removing all the unincorporated '‘F-fluoride, while the C18 sep-pak

treatment suggested the possibility of rapid solid phase extraction to purify

* Dr. Curtis Harwig synthesized 4.19.
> QF24 is (7-methoxylcoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-[3-(2,4-dinitrophenyl)-L-2,3-diamino
proprionyl]-Ala-Arg-NH,.
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Figure 4.11 The autoradiographic TLC analysis of the '*F-fluoridation to prepare Mar-'"*F-ArBF;
4.15.

The "*F-fluoridation of marimastat-boronate 4.14 was analyzed by TLC developed with 20% MeOH in
CHCI; and the TLC plate was then visualized by autoradiographic phosphorimaging. (A) The fluoridation
to prepare Mar-'""F-ArBF; 4.15 in aqueous DMF; (B) the fluoridation to prepare Mar-'"*F-ArBF; 4.15 in
aqueous CH;CN. Lane 1 was the resolution of the crude reaction; Lanes 2 to 4 were for the fractions (from
the first to the third fraction) collected from flash chromatography with a small silica column; Lanes 5 to
10 were for the fractions (from the first to the sixth fraction) from the separation with a C18 sep-pak
cartridge. The radiolabeling conditions: marimastat-boronate 4.14 (100 nmol), HCI (4 umol), "*F-fluoride
containing '’F-fluoride (200 nmol) in 33.3% aqueous DMF or CH;CN, rt, 80 min. The reactions were
quenched with 98 pL of 200 mM phosphate buffer (pH 8) and the crude reaction was loaded on a silica
column packed in a Pasteur pipette and eluted with 5% NH4OH in EtOH. Approximately 200 pL per
fraction was collected. Then fractions containing the major radioactivity were combined (the first two
fractions represented in Lanes 2), diluted with H,O (10 mL) and loaded to a preactivated C18 sep-pak
cartridge. The sep-pak cartridge was flushed with 5 mL H,O and 40% aqueous CH;CN was applied to elute
the radioactivity with about 200 uL per fraction. Then the crude and all the fractions from the silica column
and the C18 sep-pak cartridge were loaded to a TLC plate, and the TLC plate was developed with 20%
MeOH in CHCl; at rt. The radioactivity at the BOS" for (A): 1.46 mCi and that for (B): 1.86 mCi.
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Figure 4.12 The test of reductant additives to the '*F-fluoridation of marimastat-boronate 4.14.

Reaction conditions: marimastat-boronate 4.14 (100 nmol), "*F-fluoride containing carrier '’F-fluoride
(500 nmol), HCI (8.0 pmol) and reductants (52.2 nmol of ascorbic acid, 20 nmol of DTT and 52.6 nmol of
tetrabutylammonium iodide) in 5.25 pL of 50% aqueous CH;CN, rt, 74 min. The reaction was quenched
with 100 pL of 200 mM phosphate buffer (pH 8). The quenched reaction was loaded to an 8 cm silica gel
packed Pasteur pipette and eluted with 5% NH4OH in EtOH. Then the collected fraction (first 200 puL
fraction) was injected into the radio-HPLC for analysis. The HPLC was performed via HPLC Program 2
(with CH3CN as solvent B instead) with Column IV in HPLC System II. The radioactivity at the BOS: 3.15

mCi.

* BOS stands for “beginning of the synthesis™
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These preliminary results based on the autoradiographic TLC analysis led us to use
CH3CN as the aqueous cosolvent for the radiofluoridation of 4.14. However, several
failures for the '*F-fluoridation of 4.14 at higher radioactivity (at the BOS > 10 mCi)
drove us to consider the possibility of radiolysis, which might have been the cause of low
radiochemical yields. Hence, we tested the influence of added reductants on the
fluoridation in order to prevent radiolysis. The result, analyzed by radio-HPLC, shown in
Figure 4.12, suggested the reductants, such as ascorbic acid, DTT, and iodide, did not
interfere with the reaction, although their exact roles as radioprotectants in this case are
unknown. Based on the autoradiographic TLC analysis, the free fluoride seemed to
co-elute through the silica column with the product Mar-'*F-ArBF; 4.15. This advised us
to abandon a quick silica plug and directly apply the HPLC isolation to purify the
product without any pretreatment to avoid unnecessary radiation exposure from handling

the material.
4.2.6.2 The radiosynthesis to image MMPs in breast cancer

Mar-lSF-ArBng 4.15 was synthesized from marimastat-boronate 4.14 with BE_fluoride
in the presence of carrier '"F-fluoride. HC] was added since the fluoridation proceeds
under acidic conditions as shown in Chapter 3. Chemoprotectants, including ammonium
formate, sodium ascorbate, and potassium iodide, were also added to prevent any
possible radiolysis at high radioactivity. The reaction was carried out at room temperature
(~ 18 °C) for approximately 90 minutes, quenched with NH4OH solution and resolved by
HPLC. The radioactivity at the beginning of the synthesis (BOS) was ~ 53 mCi with a
specific activity of 0.136 Ci/umol, and the HPLC purified radiolabeled product contained
around 1 mCi after a total radiosynthesis of 126 minutes including the purification and
formulation. The specific activity of Mar-'*F-ArBF; 4.15 at the time of packaging was

0.179 Ci/umol, which was calculated to be three times that of '*F-fluoride.

From the radio-HPLC chromatogram shown in Figure 4.13B, a major radioactive peak
was present at 15.2 minutes, and the radiochemical yield was in excess of 50% based on
the radio-HPLC chromatogram. However, the isolated Mar-"*F-ArBF; 4.15 suggested an
isolated radiochemical yield of only ~ 1.4%. Meanwhile, it was noticed that the HPLC

column remained highly radioactive as measured by a portable Pendulum Geiger counter.

102



This suggested that a significant portion of the radioactivity might have been retained on
the column and what was seen on the radio-HPLC chromatogram represented an
“exaggerated” radiochemical yield. In addition, the relatively clean UV-trace as shown in
Figure 4.13C suggested good separation of the desired product from other unlabeled
materials. In spite of limited infrastructure and equipment at TRIUMF, we were able to
re-inject part of the collected fraction to assess the radiochemical purity, however
limitations in hardware forced us to use the same column via the same HPLC program
approximately one hour after the HPLC purification. As shown in Figure 4.13D, only a
small/negligible amount of free '*F-fluoride in the purified fraction of '*F-ArBF; 4.15

was observed and the source of this trace free fluoride (< 5%) is discussed later.

Ph

Ph 1819_ F F
Pho/Q F ]
Ph" o-B 1811952 F
o F F
F F 113":1"1 Mar - | z
r ~ # -
ar\N o H (@) 230004 i .‘.
H 414 4.15 =1
N

y OH O H ’
_N N o) 1 -
Mar= | HO NH ~ o0 \/\5\ - i
o X o} el | | Ell &
>/ P 0 O N S B W _

(A) (B)

RERRERRERERRN

L
Ce 861
21000

] zames

© (D)
Figure 4.13 Radio-HPLC chromatograms of the fluoridation to prepare Mar-'"*F-ArBF;4.15.
A), The scheme for the radiosynthesis of Mar-'®F-ArBF;; B), the HPLC radiochromatogram of the crude
reaction (detector at high attenuation); C), the UV-chromatogram of the crude reaction at 229 nm; D), the
analytical HPLC radiochromatogram of the HPLC purified Mar-'*F-ArBF; 4.15 collected from HPLC
chromatogram B (detector at high attenuation). The HPLC was performed via HPLC Program 4 with
Column I in HPLC System II. The radiolabeling conditions: marimastat-boronate 4.14 (100 nmol), HCI
(6.3 pumol), sodium ascorbate (2 pmol), KI (0.4 umol), "*F-fluoride containing "*F-fluoride (393 nmol) in
44.4% aqueous CH;CN, rt, 88 min. The radioactivity at the BOS: 53.4 mCi and the specific activity of
"F_fluoride at the BOS: 0.136 Ci/umol.

A second radiosynthesis was carried out following the same procedure and its

radio-HPLC chromatograms are shown in Figure 4.14. Starting with 63 mCi, 950 puCi of
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Mar-'*F-ArBF; 4.15 was obtained at the time of packaging, 105 minutes after the
beginning of the synthesis. The isolated radiochemical yield was 1.5%, a value that is
much lower than that calculated from the radio-HPLC chromatogram. Similarly, the
collected product was re-injected into the HPLC to verify its radiochemical purity. A low
attenuation of the radio-detector was used instead of the high attenuation set-up for the
analytic radio-HPLC. Consequently, the signal of Mar-'*F-ArBF; 4.15 saturated the
detector and the radiochromatogram of Figure 4.14B was off scale. Meanwhile, some
®F_fluoride was again observed, which suggested some defluoridation of the produced
radiotracer or non-perfect separation from the preparative HPLC. Nonetheless, this
radiolabeling experiment afforded Mar-'*F-ArBF; 4.15 with a specific activity of 0.396
Ci/umol at the time of packaging.
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Figure 4.14 Radio-HPLC chromatograms of the 2"* synthesis of Mar-'*F-ArBF; 4.15.

A), The radio-HPLC chromatogram of the crude reaction (detector at high attenuation); B), the analytical
radio-HPLC chromatogram of the purified Mar-""F-ArBF; 4.15 collected from HPLC chromatogram A
(detector at low attenuation). The HPLC was performed via HPLC Program 4 with Column I in HPLC
System II. The radiolabeling conditions: marimastat-boronate 4.14 (100 nmol), HCI (6.3 pumol), sodium
ascorbate (1.40 umol), KI (0.28 umol), HCO,NH, (0.28 umol), "*F-fluoride containing '’F-fluoride (252
nmol) in 42.9% aqueous CH;CN, rt, 69 min. The radioactivity at the BOS: 63 mCi and the specific activity
of "*F-fluoride at the BOS: 0.250 Ci/umol.

Both radioactive portions of Mar-'*F-ArBF; 4.15 were tail-vein injected into mice with
67NR" tumors with or without preblocking to study in vivo tumor specificity of this
radiolabeled compound. Furthermore, both of the HPLC purified radiotracers were
analyzed for the enzymatic inhibitory activity following decay. Their ICsos were within
the nanomolar range as previously tested, 1.28 nM and 1.68 nM respectively. The
collected radiotracer, after complete decay, was also analyzed by ESI-LRMS to
demonstrate a mass value corresponding to the desired product with ESI-LRMS: m/z(-)
673.4.

? 67NR is one of the breast cancer cells. It forms primary tumors without metastasis.
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4.2.7 Invivo PET imaging of MMPs in murine breast carcinomas
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Figure 4.15 In vivo PET imaging of murine breast carcinomas targeting MMPs.

(A), The microPET image of the 67NR breast tumor mice injected with ~ 100 uCi of Mar-'"*F-ArBF; 4.15
(with a specific activity of 0.179 Ci/umol at the time of packaging) in PBS via the tail vein either in the
unblocked tumor mouse or in the preblocked one with 300 nmol of marimastat; (B), the same experiment
as for A but the tumor was innoculated on the same date and imaged on day 33 with a specific activity of
0.396 Ci/umol at the time of packaging. The position annotated with the red arrow is the location of the
tumor.

Female BALB/c mice (7 to 9 weeks old) with 67NR/CMV-luciferase murine mammary
cancer cells were used for in vivo PET imaging study with Mar-'*F-ArBF; 4.15. Two sets
of mice were injected with Mar-'"*F-ArBF; 4.15 in 1 x PBS saline with specific activities
of 0.179 Ci/umol (Figure 4.15A) and 0.396 Ci/umol (Figure 4.15B) respectively. In each
case, one littermate was blocked with unlabeled marimastat. From the PET images
shown in Figure 4.15, 60 minutes following tracer injection, we were able to observe low
but detectable and specific uptake of Mar-""F-ArBF; 4.15 in the primary tumor. The
specific tumor uptake was supported by the blocking experiment, in which
Mar-""F-ArBF; 4.15 was injected in mice pretreated with unlabeled marimastat three
times prior to the injection of the radioactive agent. The preblocked mice clearly
demonstrated decreased tumor uptake in the same region as the littermates with similar
tumor sizes. Meanwhile, bone uptake in the joints was also observed. Other organs such
as bladder, stomach, liver, and spleen also demonstrated uptake. Unfortunately, tumor

uptake was not improved with a higher specific activity of the radiotracer.
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4.2.8 Several factors influencing the radiosynthesis of Mar-'"*F-ArBF;
4.15

The isolated radiochemical yield from the radiolabeling for tumor imaging was low, as
described in section 4.2.6. We figured that there must be some key factors limiting the
yields of the '“F-fluoridation to prepare the ArBFss when using high levels of
radioactivity. While the facility at TRIUMF was shut down for renovation, we were
fortunate to be offered '*F-fluoride by Dr. John Valliant and Dr. Karin Stephenson at the
CPDC to check several factors that may influence the radiochemical yields for the
preparation of Mar-'"F-ArBF; 4.15. Among these factors, we became concerned with the
fact that there was almost always a radioactive byproduct produced in the previous
labeling experiments (eluting at around 4 min in the radio-HPLC) as shown in Figure
4.13B and Figure 4.14A. Identifying the source of this byproduct would be of great

significance in terms of understanding the labeling reaction.

We first tried to repeat the radiosynthesis at the CPDC. "*F-Fluoride was trapped on an
anion exchange column (a QMA cartridge with CI" form)" and then released by NaClO,
solution (2 mg/mL, 1 mL) to give the resulting radioactive eluent with a pH of 5 ~ 6. We
found that upon the addition of KHF,, the pH of the solution became more acidic. After
the evaporation over N, flow at 100 °C in the Pyrex V-vial without pH adjustment, the
same procedure was carried out to radiolabel marimastat-boronate 4.14 with this
'$19B_fluoride mixture. Interestingly, no radioactive product was observed. This
suggested that all the free '®F-fluoride probably was trapped in the glass vial or had
gassed off under the slightly acidic conditions during the evaporation to concentrate the
'E_fluoride solution. Hence, we then added ~ 9.5 pmol of NaHCOj to adjust the pH of
the "*F-fluoride eluent to ~ 9 after the addition of carrier fluoride and concentrated the
'8E_fluoride solution over N, stream. The basic “dry” '¥'’F-fluoride was then used for the
'"F_fluoridation and gratifyingly a similar radiochemical yield as described in 4.2.6 was
obtained (Figure 4.16). An HPLC solvent system (HCO,NH4/CH3CN) in common use at
the CPDC was used for our work on labeling marimastat at the CPDC. It was found that,

with such a mobile phase, very small amounts of radioactivity were retained on the

* The anion exchange column used at TRIUMF to trap "*F-fluoride is with HCO;™ form.
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HPLC column over the full HPLC gradient, which suggested that the radio-HPLC
chromatogram using this solvent system could provide information of the real
radiochemical yield. For instance, the radiosynthesis demonstrated in Figure 4.16 had a

radiochemical yield of around 3%.
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Figure 4.16 The radio-UPLC chromatogram of the '*F-radiolabeling reaction of marimastat-
boronate 4.14.

The peak at 5.8 min annotated with an arrow is Mar-'"*F-ArBF; 4.14. "*F-Fluoride was trapped in the QMA
anion exchange column (CI' form) and released by the aqueous solution of NaClO, (2 mg/mL, 1 mL).
NaHCO; (9.5 pmol) and "’F-fluoride (800 nmol, in the form of KHF,) were added to give a final pH of 8.5
~ 9. The solution was concentrated over N, flow at 95 °C. The radioactivity after dry-down was
resuspended in 6 pL of the aqueous '’F-fluoride solution (800 nmol) and 1.5 pL of the well-resuspended
solution was transferred to marimastat-boronate 4.14 (100 nmol) in 2.5 pL CH;CN. The mixture was
acidified by 0.5 uL of concentrated HCI, incubated at rt for 1 hr and quenched with 105 pL of 0.83%
aqueous NH,OH (9.33 mCi at the BOS). 10 uL of the quenched reaction was then injected into the UPLC
using HPLC Program 5 with Column III in HPLC System III.

To reduce the radiation exposure and simplify the operation, the '*'’F-fluoride cocktail
was added last to initiate the reaction. It was found that this operation did not influence
the radiofluoridation and similar radiochemical yields were obtained. Then several
factors with regard to the fluoridation were investigated, including the evaporation
conditions and the quality of boronate ester 4.14. The results have been summarized in
Table 4.1. From the table, the quality of marimastat-boronate 4.14 was found to be
critical to the radiolabeling reaction. The only two reactions (reactions VI and XII) with
marimastat-boronate 4.14, which had been stored at -20 °C for a long period of time, both
gave relatively low radiochemical yields (~ 1-2%) while the newly prepared compound

gave much higher yields (average ~ 18%).

On the other hand, it was believed that different dry-down containers might have also

resulted in different “qualities” of 8E_fluoride. Indeed, fluoride is known to react with
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glass under acidic conditions via HF to form fluorosilicates and fluoroborates. It was
suspected that under neutral to slightly basic conditions, some fluoride loss due to the
fluoride-glass reaction might have been occurring during the concentration at elevated
temperatures, since it is known that “over-evaporation” often leads to the failure of
fluoride incorporation in standard C-'*F bond forming reactions. To possibly suppress
this loss from reactions with glass, containers made of non-glass materials such as
polypropylene and glassy carbon, along with Pyrex glass V-vials, were also examined in
terms of the '*F-fluoride dry-down. Based on the failure described above, regarding the
importance of the pH values of the '*F-fluoride solution prior to the solvent evaporation,
the '"®F-fluoride solution was basified with KHCO; immediately after it was released
from the anion exchange column. Moreover, the addition of carrier "’F-fluoride was also
tested to identify whether or not the presence of carrier fluoride during the evaporation

process would keep '*F-fluoride from being consumed by glass.

To accelerate the evaporation process, 1 mL of CH;CN was added to the '*F-fluoride
solution to azeotropically remove water. The evaporation of the '*F-fluoride solution was
then carried out at 100 °C under Ar flow, for each test as described in Table 4.1. The
evaporation normally took 20 ~ 40 minutes, and the process was always faster in the
glass V-vial than in other containers, possibly due to its excellent thermal conductivity.
Once all the solvent was removed, '*F-fluoride was resuspended with the '’F-fluoride
solution. It was also noticed that better resuspension of '*F-fluoride was actually

achieved in the glass V-vials.

The series of tests summarized in Table 4.1 clearly imply that it is not necessary to add
carrier fluoride to the '®F-fluoride eluent prior to the evaporation as long as the solution
is kept basic (reactions IX-XII compared with reactions III-VIII). Even for the test on the
glassy carbon container, in which the evaporation was undertaken without the addition of
PF-fluoride or bicarbonate (reactions II), the '*F-fluoridation of 4.14 succeeded to give
the product, albeit with a lower radiochemical yield (11%). This lower yield, which is
nonetheless higher than what we first observed at TRIUMF, might be mainly due to some
evaporation of H'®F or because of the insufficient mixing of the 6 uL reaction mixture in

the opaque glassy carbon container with a shallow V-shaped bottom. A fluoridation
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reaction under more diluted conditions was also carried out. As shown in reaction V with
a higher reaction volume (32 pL) and consequently lowering every reactant’s
concentration, the radiochemical yield was only 1% after one hour and this implied that

the dilution of reactants greatly reduced yields.

Table 4.1 "*F-Radiosyntheses of Mar-'*F-ArBF; 4.15 under various conditions.

Reaction # Evaporation Container ﬁltd]isoggg‘(’:;%?)t t (min) RCY" (%)
*¢ Falcon tube 6.52 62 21
! Glassy carbon 5.26 63 11
10 Glass V-vial 5.63 78 14
v*e Falcon tube 2.76 63 15
vl Falcon tube 3.02 60 1
Ve Falcon tube 3.73 65 3
VII** Falcon tube 2.84 65 21
VI Glass V-vial 8.79 61 24
x> Eppendorf 15.98 60 14
b Screw cap tube 13.83 59 17
X1 Falcon tube 3.65 61 19
X1tk Glass V-vial 3.82 57 1

NOTE: The evaporation of the '*F-fluoride eluent that was added with the same volume of CH;CN was
carried out at 100 °C under Ar flow, and 8 pL of 0.125 M KHF, solution (or otherwise noted) was then
added to redissolve the residue. The radiosynthesis was carried out similarly as previously described. To
simplify the procedure, the '®'*F-fluoride solution (1.25 pL) was added the last to the mixture of CH;CN
(4 pL) solution of freshly purified (or otherwise noted) marimastat-boronate 4.14 (100 nmol) and
concentrated HCI (0.5 pL, 6.3 pmol) in a 500 uL PCR tube (or otherwise noted). The reaction was
quenched with 200 pL of 5% NH4OH in 50% aqueous EtOH and the quenched reaction was injected into
the UPLC using HPLC Program 6 with Column III in HPLC System III for analysis. The RCY was
determined by the integration percentage of the radio-UPLC traces. BOS: beginning of the synthesis;
“RCY: radiochemical yield.

a. 4 pL of 0.125 M KHF, was added to the NaClO, eluent containing '*F-fluoride and the pH was adjusted
to ~ 8 with 0.95 M KHCO; (~ 6 to 12 pL) prior to the evaporation.

b. The radiosynthesis was undertaken in the presence of a total amount of 625 nmol of '’F-fluoride.

¢. No "F-fluoride or KHCO5 was added to the NaClO, eluent prior to the evaporation of the solvent.

d. The reaction was carried out in a total volume of 32 pL (25:7 CH;CN:H,0) containing 413 nmol of
F-fluoride.

e. The radiosynthesis was done in the presence of a total of 469 nmol of '’F-fluoride.

/- Marimastat-boronate 4.14 (100 nmol) used was stored at -20 °C for a long time.

g 4 pL of 0.125 M KHF, was added to resuspend the '*F-fluoride residue after solvent evaporation.

h. The evaporation was carried out without carrier '’F-fluoride at pH ~ 8 in the presence of KHCOs;.

i. The radiosynthesis was undertaken directly in the evaporation container by adding 4 uL of CH;CN
containing marimastat-boronate 4.14 (100 nmol), 0.5 puL of concentrated HCI (6.3 pmol), and 1.25 pL of
0.25 M KHF, to the "*F-fluoride after solvent evaporation.

Jj. 5 uL of 0.25 M KHF, was added to respsupend '*F-fluoride residue after solvent evaporation.

k. 10 pL of 0.25 M KHF, was added to respsupend '*F-fluoride residue after solvent evaporation.

I. The radiosynthesis was undertaken in the presence of a total amount of 500 nmol of "’F-fluoride.
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Figure 4.17 Identification of the byproduct in the "*F-fluoridation to prepare Mar-'*F-ArBF; 4.15.
(A) The UPLC trace of the reaction in the absence of marimastat-boronate 4.14; (B) the UPLC trace of
reaction III in Table 4.1; (C) the UPLC trace of the radiolabeling of B(OCHj3);. The reaction conditions: for
(A), the "*F-fluoride solution (containing 469 nmol of '’F-fluoride), HCI (6.3 pmol), H,O (1.75 uL), rt, 1 hr
(the radioactivity at the BOS: 4.83 mCi); for (B), 4.14 (100 nmol), the '*F-fluoride solution (containing 469
nmol of "F-fluoride), HCI (6.3 pumol), 69.6% aqueous CH;CN (5.75uL), rt, 78 min, (the radioactivity at
the BOS: 5.63 mCi); for (C), "*F-fluoride solution (containing 625 nmol of "*F-fluoride), B(OCH3); (326
nmol), HCI (6.3 pmol) in 69.6% aqueous THF, rt, 56 min (the radioactivity at the BOS: 3.84 mCi). The
reactions were quenched with 200 uL 5% NH4OH in 50% aqueous EtOH prior to the HPLC injection. The
UPLC was performed via Program 6 with Column III in HPLC System IIl. The retention time of
Mar-"*F-ArBF; 4.15 is 4.5 min and that of '"®F-BF, is 1.1 min. The peak at 0.9 min is '*F-fluoride.

Throughout the study on radiolabeling marimastat, a radioactive byproduct other than

the desired product Mar-'*F-ArBF; 4.15 or free '*F-fluoride was always present in the
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radio-HPLC chromatograms, as shown in Figure 4.13B, Figure 4.14A, and Figure 4.16.
In addition, all the radiosyntheses demonstrated in Table 4.1 also produced this very
polar product, which eluted at 1.1 minutes directly following '*F-fluoride that eluted at
0.9 minutes, as the UPLC chromatogram shown in Figure 4.17B for reaction III in Table
4.1. This peak has never been observed in the HPLC with a UV detector, and the
radioactive byproduct represented by this peak at 1.1 minutes indicates the advent of a
competing reaction accompanying the '‘F-fluoridation of the arylboronate ester.
Moreover, when 4.14 had been stored at -20 °C for a long time, the radiolabeling of 4.14
gave not only a very poor radiochemical yield (1-2%), but the reaction was also
accompanied by this byproduct that was produced in yields of 28-38%. In contrast, the
radiolabeling of the newly purified 4.14 had much better '*F-fluoride incorporation,
while the production of this byproduct was much less than that of the desired product.
This finding suggests that the radioactive byproduct might be derived from a
boronyl-species, which is produced from the deboronation of boronate 4.14 during

storage or during the fluoridation.

Although we hypothesized this byproduct might be the '®F-BF, anion, we first did a
control experiment to examine whether or not this byproduct could be produced in the
absence of marimastat-boronate 4.14. The radio-HPLC trace in Figure 4.17A showed no
radioactive peak other than '*F-fluoride, which indicates that the radioactive byproduct
depends on the addition of marimastat-boronate 4.14. To further test our hypothesis,
B(OCH3); was treated with 81F_fluoride under the same conditions for one hour and the
radio-HPLC chromatogram shown in Figure 4.17C cleanly produced the radio-peak
corresponding to the byproduct that always appears in the radiofluoridation of
marimastat-boronate 4.14. And this supported our hypothesis and suggested the

byproduct at 1.1 minutes was '*F-BFy".

4.3 Discussion

4.3.1 Synthesis

Marimastat-boronate 4.14 was prepared via a 10-step synthesis in an overall yield of

2.7%. The nucleophilic ring opening of the epoxide to achieve diethyl ester 4.7 is the
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major yield-limiting step. The KCN catalyzed hydroxylaminolysis efficiently converted
the methyl ester to the hydroxamic acid. However, there was always some deboronation
accompanying the process, and as a result, the yield of the hydroxylaminolysis of 4.13
was compromised. Boronate 4.14 was originally purified by preparative TLC. However,
silica gel that is potentially present following TLC purification might compete for
fluoride during the fluoridation reaction. This led us to employ semi-preparative reverse
phase HPLC (RP-HPLC) to purify marimastat-boronate 4.14 for the radiolabeling
experiments. A further modification on the purification was achieved via flash
chromatography to give marimastat-boronate 4.14 with good purity, which was

characterized by NMR spectroscopy and re-analyzed by RP-HPLC.

Compound 4.14 is relatively stable at lower temperatures (< -20 °C). However, slow

Ph deboronation was observed with samples
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F quite abnormal. For example, we
biotin-boronate prepared and purified biotin-boronate
3.23

3.23 wvia flash chromatography in
February 2009 and stored it at 4 °C since then. The compound was rechecked by HPLC
in January 2011; the HPLC trace suggested that biotin-boronate 3.23 was with very good
quality of more than 95% purity.
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Scheme 4.2 The proposed mechanism of the deboronation of marimastat-boronate 4.14.
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The difference between the stability of marimastat-boronate 4.14 and biotin-boronate
3.23 highly suggests that the nucleophilic groups on 4.14 such as the hydroxamate and
the a-hydroxyl group might interact with the boron group and promote the cleavage of
the C-B bond. The hydroxamate group might serve as a nucleophile, which may add into
the boron’s empty p-orbital intra- or inter-molecularly allowing the proton to transfer to
the benzene ring, which promotes the C-B bond cleavage to give the deboronated product
and borate, as proposed in Scheme 4.2. The borate, under radiofluoridation conditions, is
rapidly converted to '®F-BF4, which has been corroborated by the study of the factors
influencing the radiosynthesis of 4.15 in section 4.2.8. The deboronation could occur not
only during storage but also during the fluoridation reaction itself via an acidic
protodeboronation mechanism (not shown), and this would be consistent with the fact
that all fluoridations of marimastat-boronate 4.14 tested in this chapter yielded some
'SE_BF, as the byproduct. The identification of the byproduct was based on the chemical
correlation via the '“F-fluoridation of B(OCH3);, which gave '“F-BF4 with the same
retention time of the byproduct present in the fluoridation of marimastat-boronate 4.14.
In addition, in the fluoridation of marimastat-boronate 4.14 stored for a very long time (~
half a year), a much higher amount of the byproduct "*F-BF4 was produced and this
implies that the deboronation of compound 4.14 occurs during storage and it is most

likely because of the nucleophilic property of the hydroxamate residue.

4.3.2 The in vitro stability of MarArBF;4.15

The half-life of the solvolysis of MarArBF; 4.15 was measured as 1236 + 50 minutes at
pH 7.4 in PBS buffer, which equals eleven half-lives of '8F_fluorine (ty»= 109.8 min). Its
high in vitro solvolytic stability suggests it is suitable to be used for in vivo studies.
Although the hydrolysis followed a first order decay kinetics as shown in Figure 4.4,
there was no corresponding arylboronic acid produced during the solvolysis. Instead, a
deboronated product was produced, based on the two newly produced Ar-F '’F-signals
(-25 ppm and -33 ppm with an integration ratio of 1:2). This is possibly due to the fast
deboronation of the free boronic acid resulting from the solvolytic fluoride loss under the
given conditions. We thus hypothesize that the solvolysis of MarArBF; 4.15 comprises
two independent steps. The first step is the defluoridation of the ArBF; to release the
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ArB(OH),, which directly undergoes a rapid second step, namely deboronation as shown
in Scheme 4.3. The deboronation is assumed to be rapid because there was no hydrolysis
product MarArB(OH), present in the ’F NMR spectra, besides MarArBF; 4.15, free
fluoride and the deboronated product MarAr-H. This is possibly the case based on our
experience in preparing arylboronic acids such as MarArB(OH), with the same
arylboronic acid. We have never been able to obtain the free arylboronic acid but only the
protected variants. What had been obtained instead were identified as the deboronated
products, which have characteristic ’F NMR chemical shifts and an integration ratio of

the different '*F-signals of the Ar-F’s (1:2).

F F F
Mar Mar
T o, M . Ho.__oH
F F F FoPH74 . B
B ! PBS OH
F'L°F HO™ “OH H
MarArBF3 4.15 MarArB(OH), MarAr-H

Scheme 4.3 The proposed mechanism of the solvolysis of MarArBF; 4.15.

4.3.3 The acid stability of hydroxamic acids

The "*F/"F-fluoridation of arylboronates proceeds under acidic conditions (pH < 1). If
under such conditions, the key structure of the compound is altered to lose its function,
the compound may not be a suitable substrate for this direct labeling method. The

165-1
reports' %7

on the acid catalyzed hydrolysis of hydroxamic acids at higher temperatures
brought our attention to the acid stability of marimastat at room temperature. Since the
hydroxamic acid is the key functional group that coordinates zinc(Il) in the active site of
MMPs, the hydrolysis of the hydroxamic acid would result in loss of its inhibitory
activity. Therefore, we employed two methods to measure the stability of two different
model hydroxamic acids 4.17 and 4.18 at acidities similar to those used in the
fluoridation reaction. Both the ferroin test and '"F NMR kinetics studies, suggest

relatively stable properties of the hydroxamic acids under acidic conditions at room

temperature.

N-Hydroxy-2-phenylacetamide 4.17 treated with the acid for different incubation

periods was mixed with Fe(Ill) in ethanol to give an instant color change due to the
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formation of the stable Fe(IIl) complex as shown in Scheme 4.4.'”* Moreover, it has been
reported that Fe(Ill)-hydroxylamine is a good redox pair under acidic conditions that
hydroxylamine reduces Fe(Ill) to Fe(Il) and itself is oxidized to nitrous oxide,'” which
would not interfere with the UV absorption of the Fe(III)-hydroxamate complexes. Since
an excess amount of Fe(Ill) was used in the experiment, only Fe(Ill)-4.17 complex
accounts for the UV absorption at the wavelength from 400 to 800 nm. The UV
absorbance (300 nm to 800 nm) of the mixture was measured as shown in Figure 4.5, and
very minor changes among different time points were observed. This suggested

hydroxamic acid 4.17 was acid stable at least for a short incubation time of six hours.

R._O R_o 2
\f 3+ — Vé \ + H*
HN + Fe HN. ¢
“OH O

Scheme 4.4 Chelation between the hydroxamic acid and Fe**.'”

In addition, a series of 'H NMR spectra were recorded with both 4.17 and 4.18 in 1:1
D,0:ds-DMSO containing D,SO4 as demonstrated in Figure 4.6 and Figure 4.7
respectively. Both compounds were consumed in this acidic solution. Hydroxamic acid
4.17 tended to fully hydrolyze with a half-life of 260 minutes to give phenylacetic acid,
which was identified by analytical HPLC. However, hydroxamic acid 4.18 reached
equilibrium instead, since there was nearly no change in 'H NMR signals after ~ 17

hours.

As most of the '*F-fluoridation reactions are carried out for one hour, any arylboronate
bioconjugate would be suitable for the labeling method if a majority of the bioligand
remains intact in one hour. For both cases, about 15% of the hydroxamic acids in the
presence of 3.4 M of D" were consumed after one hour incubation. Furthermore, the
concentration of acid (3.4 M) used for the '’F NMR study is likely to be greater than that
used in the '*F-fluoridation reactions (< 1.5 M). Therefore, the hydrolysis of marimastat-
boronate 4.14 during the radiolabeling would be less severe than that of 4.17 or 4.18
studied by NMR spectroscopy. Moreover, MarArBF; 4.15, prepared under acidic
conditions was tested for its inhibitory activity. Its ICsy value of 1.88 nM, shown in 4.2.4,
strongly indicates that the hydroxamic acid residue of 4.15 remained intact during the

labeling process and hence marimastat-boronate 4.14 had relatively high acid stability.
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4.3.4 In vitro enzyme inhibitory activity of MarArBF;4.15

To determine the ICsy value of an enzyme inhibitor in vitro, the inhibitor concentration
must be known. However, the concentration of MarArBF; 4.15 has been difficult to
determine. This is mainly due to the difficulty in preparing a large quantity of MarArBF;
4.15 with high purity for use as a standard solution, which can be then used to construct a
standard curve by plotting UV absorbance against the concentration (with a series of
dilutions) at the maximum absorption wavelength. Although marimastat is a weak
chromophore, its hydroxamic group is found to form a very stable hydroxamate-Fe(III)
complex, which has strong UV absorption. Indeed, the formation of Fe(Ill)-hydroxamate
complexes has been used to accurately measure the concentration of various hydroxamic
acids. Since the formation of the complexes occurs upon mixing, and the
Fe(IlI)-hydroxamate complexes have strong UV properties, this method is regarded as
rapid and relatively accurate. Hence, we adopted this method to measure the
concentration of the hydroxamic acid MarArBF; 4.15, involving the Fe(Ill)-hydroxamate
complex formation, which we call here the “ferroin test”. First, a large excess of Fe(IIl)
was used to consume all the hydroxamic acid to form only the mono-hydroxamate-Fe(III)
complex. By measuring the UV-absorbance at 499 nm for Fe(IlI)-hydroxamate complex,
a standard curve could be set up if the concentrations of the complex are known. As
mentioned, it is difficult to prepare a stock solution of MarArBF; 4.15 with a known
concentration. A structurally similar compound Cbz-PEG-Mar 4.16 was prepared. It was
believed that, the aryl groups in both molecules play negligible roles in the formation of
the Fe(Ill)-hydroxamate complexes and would not interfere with the UV absorption

properties of the complexes at 499 nm.

The UV absorbance at 499 nm was measured right after the hydroxamate was mixed
with a large excess of Fe(Ill) solution. It is hypothesized that all of the hydroxamate
molecules present in the solution coordinate the Fe(Ill) cations, which means the
concentration of the Fe(IIl)-hydroxamate complex can be calculated based on the amount
of the hydroxamate added to the chelation reaction. The extinction coefficients of the
Fe(IlI)-complexes with both 4.16 and the commercially purchased marimastat were

determined via this method. It was found that the extinction coefficients of the
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Fe(Ill)-hydroxamate complexes are very close to each other (1526 cm M for
Fe(I11)-4.16 v.s. 1560 cm'M™ for Fe(III)-marimastat at 499 nm), which implies that the
derivatization from the C-terminus of the tert-leucine residue contributes little to the
absorption at 499 nm for the Fe(Ill)-complex. We thus employed the extinction
coefficient of the complex Fe(Il)-4.16, which shares more structural identities with the
complex Fe(Ill)-MarArBF; (Fe(Ill)-4.15). Instead of directly using the extinction
coefficient of the complex Fe(Ill)-4.16, a dilution calibration curve was created for the
complex Fe(Il1)-4.15. The slope of this dilution calibration curve should be proportional
to its concentration and the extinction coefficient, which herein is regarded the same to
that of Fe(Ill)-4.16. Then the concentration of the stock solution of 4.15 was determined
to be 9.07 mM.

Subsequently, marimastat and its various derivatives were tested for their enzymatic
inhibitory activities. All the compounds demonstrated very potent activities in the range
of 1-5 nM. This is consistent with the literature report that the derivatization from the
C-terminus of fert-leucine would not interfere with its inhibitory potency and/or

specificity.'®®
4.3.5 Cell binding assays with fluorescent marimastat-FITC

In order to investigate the binding of marimastat to purified MMPs and to cell
expressed MMPs, fluorescent marimastat-FITC 4.19 was synthesized. The renatured
recombinant human MMPs, resolved by SDS-PAGE, were first incubated with
marimastat-FITC 4.19 and the gel image from Alpha Image System shown in Figure
4.10A illustrated the specific binding of 4.19 to MMPs. A cell binding assay was further
undertaken with the breast cancer cell line MDA-MB-231 transfected with human
MMP14 or the empty vector. Cells were treated with 4.19, counterstained with Hoechst
to reveal the nucleus via DNA staining and then imaged by fluorescent microscopy. The
cell assay images in Figure 4.10C further supported the synthetic 4.19 specifically bound
to MMP14 outside of the cell nucleus.
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4.3.6 Invivo PET imaging of MMPs in murine breast carcinomas

'SF_Labeled MarArBF; 4.15 was prepared from marimastat-boronate 4.14 (100 nmol)
and '*F-fluoride with carrier '*F-fluoride (300 ~ 400 nmol) under acidic conditions (pH <
1) for one hour, and then purified by RP-HPLC. The radiosynthesis of Mar-'*F-ArBF;
4.15 for animal imaging work was achieved with an isolated (unoptimized)
radiochemical yield of ~ 1.5%. Mar-'"F-ArBF; 4.15 was then formulated in 1 x PBS
saline and injected into female BALB/c mice with 67NR tumors. Two independent
radiosyntheses gave Mar-'*F-ArBF; 4.15 with specific activities of 0.179 Ci/umol and
0.396 Ci/umol at the time of packaging, values that were calculated based on tripling the
specific activity of the source carrier-added '*F-fluoride at the BOS and then corrected
for decay during the time of the synthesis.” Both values of specific activity were
somewhat lower than 1 Ci/umol, which is often regarded as a benchmark for animal
imaging. However, there is no general standard for the minimal specific activity and in
fact there have been several reports that provide moderate-to-good PET images®"'"* 7

with specific activity values similar to those we obtained herein.

The relatively low tumor-to-background ratio in the PET images obtained, as shown in
Figure 4.15, is similar as some previously reported MMP imaging probes based on
MMPIs.?% 144138176 1) gpite of that, the tumor uptake of this compound was specific as
indicated by the blocking experiment, which fully blocked the tumor uptake of
Mar—lSF—ArBF3 4.15 after the pretreatment of the mice with unlabeled marimastat one
hour before the injection of the radiotracer. Nevertheless, no significant improvement in
image quality was obtained by increasing the specific activity of the radiotracer (from

0.179 to 0.396 Ci/pmol).

High uptake of Mar-'*F-ArBF; in other tissues was also observed. This may be due to
the fact that some normal tissues such as liver are known to express MMPs
non-pathologically. Moreover, there are various MMPs in the blood. This is problematic
for the broad-spectrum MMP inhibitors and could result in high background uptake

compared to specific tumor uptake of the radiotracer. Hence, the low uptake of the tracer

* For more information about the calculation of specific activity, please refer to Chapter 1.
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at the tumor position described herein most likely is due to the broad-spectrum nature of

marimastat itself.

Bone and joint uptake was also observed in the images viewed at high contrast. This
implied some free '*F-fluoride contaminated in the radiotracer, which might be either due
to the in vivo decomposition of Mar-lSF-ArBFg 4.15 to release *F-fluoride or because of
the imperfect separation of the radiotracer from '*F-fluoride. ® The in vivo
biodistribution/imaging work with biotin-'"*F-ArBF; from the radiolabeling of
biotin-boronate 3.23 showed absolutely no bone uptake of the radioactivity,” and thus
suggested the high in vivo stability of similar ArBFss with the same aromatic system. On
the other hand, although it is not a good idea to use the same HPLC column for both
separation and analysis purposes, the analytical HPLC undertaken with the same column
to check the radiochemical purity of the radiotracer, shown in Figure 4.13D and Figure
4.14B, implied there were trace amounts (< 5%) of free '*F-fluoride in the radiotracer.
Moreover, the high radioactivity retained on the C18 column after the injection for the
HPLC separation (with a high radioactivity injected) might have been the source of
'SE_fluoride seen in the second injection on the same HPLC C18 column. Consequently,
it was hard to identify the source of free '“F-fluoride present at the second HPLC

injection.

Besides the possibility of free '“F-fluoride accounting for the joint uptake of the
radioactivity, it is worthwhile to note that musculoskeletal toxicity is one of the major
side effects of marimastat during clinical trials; it may imply that there are abundant
MMPs near or at the joints that would have also bound '*F-labeled marimastat. Towards
these ends, no further study was carried out to clarify the reasons for why radioactivity
was seen in joints and bone. Moreover, in terms of the animal images, Dr. Francois
Benard assisted us in rendering the images and visualizing dynamic distributions in vivo.
Based on personal communication with him, tumor:blood ratio was approximately 1.4:1.
However, since tumor specific uptake could only be observed at very high contrast, the

error on the data was considered to be quite large and no further quantification in terms

@ E_Fluoride might also come from decomposition of Mar-'*F-ArBF;4.15 during rotoevaporation. It was
noticed that the water bath reached 50 °C during the rotoevaporation and this might promote the hydrolysis
of Mar-'*F-ArBF;.
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of standard uptake values was undertaken.

4.3.7 Some factors related to the BE_fluoridation of

marimastat-boronate 4.14

Mar-'"*F-ArBF; 4.15 was prepared and used to image the breast cancer in mice.
Although the result of the imaging work was promising, the low radiochemical yield of
the radiosynthesis raised questions about what factors influence the '8E_fluoridation of
arylboronates including the production of the major byproduct of the '*F-fluoridation that
had been refractory to characterization until now. In Chapter 3, several elements for the
fluoridation were studied, such as the concentrations of reactants, the reaction medium,
and salt effects; the reaction conditions have been at least partially optimized. Moreover,
in section 4.2.6.1, it was found that CH3CN seemed a better cosolvent for the fluoridation
than DMF whereas the addition of reductants did not influence the radiofluoridation of
marimastat-boronate 4.14. However, there are more factors that need considering in the
radioactive reactions. As part of the collaboration with Dr. John Valliant and Dr. Karin
Stephenson, a study was undertaken for two factors that might influence the
incorporation of F_fluoride for Mar-'*F-ArBF; 4.15 in order to identify the major
radioactive byproduct, which elutes right after free '*F-fluoride in the HPLC. In addition,
it was later found that reductants, at least for the levels of radioactivity used at the CPDC,

were not necessary.

Different dry-down conditions for "*F-fluoride were tested for the labeling. We first
noticed that it is critical to keep the '*F-fluoride solution basic for evaporation, especially

319F_fluoride tends to react with the

when using glass containers. At lower pHs,
borosilicate based glass during the evaporation. H'™®'’F also evaporates at elevated
temperatures. Either case decreases the amount of effective '*F-fluoride in the dry-down

» BE_fluoride concentrated in different

container. Other than this, the quality of the “dry
containers showed no difference regarding the fluoridation of marimastat-boronate 4.14

as shown in Table 4.1.

The addition of carrier fluoride to the '*F-fluoride eluent from the anion exchange

column prior to the solvent evaporation was first expected to suppress the loss of
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'®E_fluoride from any path, especially in the case of glass vials, which are much easier to
work with due to the ease of handling. However, it was found that as long as the
no-carrier-added '8F-fluoride solution remains basic, the removal of water from the
"F_fluoride solution requires no added '*F-fluoride. Furthermore, if carrier fluoride is
added prior to the evaporation, it would be easy to obtain the specific activity of
'®F_fluoride. However, as the sufficient resuspension of 819F_fluoride with a small
volume of the aqueous solution is very hard to achieve, the stoichiometric ratio of the
boronate to fluoride would be difficult to control. This may in fact influence the
radiochemical yield. Nevertheless, no-carrier-added '*F-fluoride solution for evaporation

was preferred thereafter.

A radioactive byproduct (tz= 1.1 min) eluting right after '*F-fluoride is often present in
the radiosynthesis of '*F-ArBF; 4.15. It was successfully proved to be '*F-BF4 by the
BF_fluoridation of B(OCH3);. Since 19F-BF4' 1s “invisible” to the UV detection, the cold
experiment with '’F-fluoride never suggested this valuable information. Obviously,
F-BF4 was not extracted into DMSO since the '’F NMR spectroscopy did not suggest
any contaimination of BF, in the DMSO extracted MarArBF; 4.15. As this byproduct
either originated from the deboronation of 4.14 during the storage as proposed in Scheme
4.2 or during the fluoridation itself, the radiochemical yield for the radiolabeling of the
desired product Mar-'*F-ArBF; 4.15 was compromised. This is the case especially for the
fluoridation of marimastat-boronate 4.14 that had been stored for a longer time, and this
sample always gave lower radiochemical yields to prepare Mar-'"*F-ArBF; 4.15 and
correspondingly high radiochemical yields of "*F-BE4 compared with the freshly purified
boronate 4.14. This may further suggest the deboronation of boronate 4.14 occurs upon
storage, and good quality of boronates for the radiofluoridation is considerably important
for high radiochemical yields. Nevertheless, the production of some '*F-BF, in the
fluoridation of the newly purified boronate 4.14 implies that there might be some
deboronation during the fluoridation, although the mechanism of the deboronation under
acidic conditions might be different. This might also compromise radiochemical yields to

some extent.

In conclusion, it was also found that there is no difference among the evaporation
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containers made of different materials, only if the evaporation is processed under basic
conditions. Carrier fluoride might not be necessarily added to '*F-fluoride prior to the
evaporation, and it is believed that it is more reasonable to add carrier after the
evaporation for better control of the radiolabeling reaction. In addition, since non-glass
based containers can be directly used for the acidic fluoridation, containers, such as the
polypropylene and glassy carbon vials, should be directly used for the fluoridation to
maximize the specific activity by reducing the amount of carrier fluoride added to the
source '*F-fluoride. Overall, the radiochemical yields of the fluoridation could reach

15-20% to give Mar-'"F-ArBF; 4.15 after one hour reactions at room temperature.
4.4 Conclusion

The in vivo imaging of Mar-'"*F-ArBF; 4.15 represents a key development in PET
imaging by employing the '®F-ArBF; technique developed in our lab. Mar-'*F-ArBF;
4.15 was prepared via a one-step labeling reaction under acidic aqueous conditions at
room temperature and isolated radiochemical yields of ~ 1.5% were obtained. The
specific activities of 0.179 Ci/umol and 0.396 Ci/umol were achieved for the animal
imaging. The in vivo imaging with Mar-""F-ArBF; 4.15 in the mice carrying breast
cancer proved to be specific. This work represents the first in vivo PET imaging of
MMPs employing marimastat and indicates that the labeling via this method can provide

useful PET probes for human diagnosis, drug evaluation, and target validation.

In addition, the further study of the radiosynthesis of Mar-'"*F-ArBF; 4.15 in
collaboration with Dr. John Valliant and Dr. Karin Stephenson at the CPDC has revealed
several important factors to ensure the success of the radiolabeling technique. The
identification of the byproduct peak as SE_BF, highly suggests the importance of the
quality of boronate substrates prior to use in the labeling to reduce the competition
reactions for '°F-fluoride by liberated borates. This finding resulted in radiochemical
yields of radiofluoridation that were closer to 10%. The evaporation of the '*F-fluoride
solution can be done in different containers without carrier fluoride added, as long as the
solution is basic, especially in regard to glass containers. As the efficiency of
resuspending '*F-fluoride is always limited to some extent, reactions in non-glass based

vials would be attractive alternatives, especially for reactions using high amounts of
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radioactivity. Further investigation of the '*F-fluoridation kinetics and other factors such
as the '"F-fluoride elution buffer, acids, solvents, and higher temperatures might be

useful to drive the technique forward for higher yielding radiosyntheses.

Overall, in this chapter, we successfully radiolabeled marimastat-boronate 4.14 with
'®F_fluoride in the presence of carrier fluoride under acidic conditions. The animal image,
in spite of poor resolution, demonstrated specific tumor uptake. Further imaging work
with '*F-ArBFj; labeled biomolecules may provide more useful information to validate

the method as a promising PET imaging technique.
4.5 Materials and methods

Commercially available chemicals were purchased from Novabiochem, Sigma-Aldrich,
Acros Organics, Oakwood or Alfa Aesar. Solvents were obtained from Fisher Scientific
and used without further purification unless otherwise noted. When required, solvents
were dried following standard protocols.'® The '*F Trap & Release column (HCOs™ form,
~ 10 mg) was purchased from ORTG, Inc., or the Sep-Pak Light Accell Plus QMA
cartridge (CI” form) 37 ~ 50 um was obtained from Waters. d>-D,SO4 was obtained from
Sigma-Aldrich and other deuterated solvents were purchased from Cambridge Isotope
Laboratories. TLC analysis was performed on aluminium-backed silica gel-60 plates
from EMD Chemicals. Flash chromatography was carried out on SiliaFlash F60
(230-400 mesh) from SiliCycle. ESI-LRMS was performed on a Waters ZQ with a single
quadrupole detector, attached to a Waters 2695 HPLC. ESI-HRMS were obtained on a
Waters-Micromass LCT with a time-of-flight (TOF) detector. All NMR spectra were
recorded on Bruker Avance instruments, with results reported as chemical shift (d) in
ppm. Unless specified, 'H NMR spectra are referenced to the trimethylsilane peak (8 =
0.00 ppm), >C NMR spectra are referenced to the chloroform peak (8 = 77.23 ppm), and
F NMR spectra are referenced to neat trifluoroacetic acid (5 = 0.00 ppm, -78.3 ppm
relative to CFCl;). The UV spectra reported were all obtained on a Beckman Coulter
DUS8O00 in 1 cm quartz cuvettes. All the HPLC information can be found in Appendix B.

MDA-MB-231 breast carcinoma cells were kindly provided by Dr. V. C. Jordan

(Northwestern University, Chicago, IL) and the murine breast cancer cell line 67NR was
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kindly provided by Dr. Fred Miller (Karmanos Cancer Institute, Detroit, MI). All the

biological work described in this chapter was done in the Overall lab.

WARNING: All "F-labeling work was done at TRIUMF or at the CPDC. Radiation
protection procedures strictly followed the TRIUMF Radiation Safety Regulations. Since
this work involves mainly manual handling, fairly high amounts of dosage might be
applied, and special caution is required to reduce the operating time. A lead brick castle
was built up to shield the radiation. All the materials that came in contact with the source
water (the '*O-water) were collected and decayed separately from other '*F-contaminated

stuffs including gloves, sleeves, vials, tubes, and pipette tips prior to disposal.
4.5.1 Synthesis

Benzyl 2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate (4.1)

CbzOSu (3.30 g, 13.2 mmol) in 1,4-dioxane (100 mL) was dropwise added to the neat
2,2'-(ethylene-dioxy)bis(ethylamine) (10.0 mL, 68.5 mmol) over an ice-water bath.'”’
The reaction was then incubated at rt overnight. The mixture was concentrated under
vacuum and the residue mixture was resuspended in CH,Cl, (100 mL). The resulting
CH,Cl, solution was washed with water (3 x 50 mL) and brine (1 x 50 mL). Dried over
anhydrous Na,;SOq, the CH,Cl; solution was concentrated under reduced pressure to give
sticky oil. The desired product (R, =0.29 in 0.1:1:9 NEt;:MeOH:CH,Cl,) was purified via
flash chromatography (MeOH:CH,Cl, 5:95 then 1:9). Yield: 1.58 g, 42%. 'H NMR (400
MHz, CD,Cl, rt): 8(ppm) 1.38 (s, 2 H), 2.8 (s, 2 H), 3.36 (q, J = 5.25 Hz, 2 H), 3.46 (t, J
= 5.24 Hz, 2 H), 3.54-3.61 (m, 6 H), 5.10 (s, 2 H), 5.86 (s, br, 1 H), 7.34 (m, 5 H); °C
NMR (100.6 MHz, CD,Cl,, rt): 8(ppm) 41.05, 41.88, 66.41, 70.07, 70.25, 70.44, 73.59,
128.03, 128.54, 137.27, 156.54; ESI-LRMS: [M+Na]", 305.3 (100%).

N-Boc-L-tert-leucine (4.2)

L-tert-Leucine (1.18 g, 7.62 mmol) and NaOH (0.45 g, 11.25 mmol) were dissolved in
10 mL of water.'”®"*® To this solution, was slowly added (Boc),0 (2.16 g, 9.90 mmol) in
10 mL of ‘BuOH. The resulting mixture was then stirred at rt for 20 hr. The reaction
mixture was first extracted with Et;O (3 x 50 mL). The ether layer was further washed
with saturated NaHCO3 (50 mL). The combined aqueous layer was later acidified to pH
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<1 and then extracted with EtOAc (3 x 50 mL). Washed with water (50 mL) and brine
(50 mL), the EtOAc layer was dried over anhydrous Na,SO4 and then concentrated under
vacuum to give colorless oil, which was used without further purification. Yield: 1.90 g,
92%. '"H NMR (300 MHz, CDCl;, rt): 8(ppm) 1.04 (s, 9 H), 1.47 (s, 9 H), 4.15 (d, J =
8.92 Hz, 1 H), 5.12 (d, J=7.07 Hz, 1 H); >C NMR (75.5 MHz, CDCl;, rt): 8(ppm) 26.67,
28.46, 34.60, 61.77, 80.18, 155.79, 176.79; ESI-LRMS: [M+Na]", 254.3(100%); [M-HT,
230.4 (100%).

(S)-Benzyl-2-(2-(2-(2-N-Boc-amino-3,3-dimethylbutanamido)ethoxy)
ethylcarbamate (4.3)

To solution of Boc-L-tert-leucine 4.2 (365 mg, 1.58 mmol) and amine 4.1 (455 mg,
1.61 mmol) in CH,ClI; (10 mL) was added with DIPEA (0.74 mL, 4.22mmol) and TBTU
(621 mg, 1.93 mmol) at rt; the reaction was stirred overnight. The reaction was quenched
by saturated NaHCO3 (30 mL) and the aqueous layer was extracted with CH,ClI, (3 x 50
mL). The organic layers were combined and washed with H,O (1 x 50 mL), 3 N HCI (1
x 50 mL), HO (1 x 50 mL), and brine (I x 50 mL), and then dried over anhydrous
Na,SOs4. The solution was concentrated and purified by silica gel chromatography
(EtOA:hexanes, 1:4 then 1:1 then 1:0) to afford sticky oil or white foam (R,= 0.58 in 1:9
MeOH:CH,Cl,). Yield: 780 mg, quant. This compound can also be obtained with HBTU
(1.32 eq.) in a coupling reaction, which gives a 92% isolated yield. '"H NMR (300 MHz,
CDCls, rt): d(ppm) 0.96 (s, 9 H), 1.41 (s, 9 H), 3.59-3.40 (m, 12 H), 3.79 (br,d, J= 7.3
Hz, 1 H), 4.16 (m, 1 H), 5.10 (s, 2 H), 5.31 (m, 1 H),5.51 (br, s, 1 H), 6.24 (br, s, 1 H),
7.34-7.29 (m, 5 H); °C NMR (75.5 MHz, CDCls, t): 8(ppm) 26.40, 28.17, 34.43, 38.51,
38.94, 40.65, 60.21, 62.22, 66.51, 69.48, 69.90, 70.05, 70.10, 127.91, 127.99, 128.33,
136.44, 155.63, 156.45, 170.71; ESI-HRMS calcd. for CosH4N30,Na": 518.2842, found
518.2843.

(S)-Benzyl-2-(2-(2-(2-amino-3,3-dimethylbutanamido)ethoxy)ethyl)carbamate

trifluoroacetate (4.4)

TFA in CH,Cl, (10 mL, 1:1) was added to compound 4.3 (423 mg, 0.853 mmol) and

the resulting mixture was stirred at rt for 2 hr. The solution was then concentrated under
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vacuum and the residue was charged over a silica gel column for flash chromatography
(MeOH:CH,Cl, 5:95) to afford the desired product as colorless oil (R = 0.35 in 1:9
MeOH:CH,Cl,). Yield: 363 mg, 87%. 'H NMR (400 MHz, CDCl, rt): d(ppm) 1.06 (s, 9
H), 3.37 (m, 4 H), 3.55 (m, 2 H), 3.57 (m, 6 H), 3.83 (s, 1 H), 5.09 (s, 2 H), 7.34 (m, 5 H);
3C NMR (100.6 MHz, CDCls, rt): 8(ppm) 26.27, 33.22, 39.46, 40.84, 62.03, 66.83,
69.52, 70.19, 128.19, 128.24, 128.64, 136.68, 156.88, 168.28; ESI-LRMS: [M+H]",
396.3 (100%).

Diethyl (2R, 3R)-2-bromo-3-hydroxysuccinate (4.5)

(-)-Diethyl D-tartrate (8.1 mL, 47.3 mmol) was cooled over an ice-water bath and then
added with 30 wt% HBr in HOAc (40 mL, 200 mmol) over a period of 1 hr.'®" The
reaction was allowed to warm up to rt and then stirred overnight. The mixture was
poured onto crushed ice (200 g) and the aqueous phase was extracted with Et,;O (4 x 100
mL). The ether layer was then washed with 1 N NaOH (20 mL), H,O (3 x 100 mL), and
brine (100 mL), dried over anhydrous Na,SO, and concentrated under reduced pressure
to give yellow oil, which was directly used in the following step without further
purification. The oil was suspended in EtOH (50 mL) and AcCl (1.5 mL, 21 mmol) was
added. The resulting solution was heated to reflux for 4 hr and then the solvent was
removed under vacuum. The residue was purified by silica gel chromatography
(EtOA:hexanes 1:9 then 1:4) to obtain colorless oil (R = 0.34 in 1:3 EtOAc:hexanes).
Yield: 9.0 g, 71%. 'H NMR (400 MHz, CDCl3, rt): d8(ppm) 1.31 (m, 6 H), 3.53 (s, br, 1
H), 4.30 (m, 4 H), 4.68 (s, 1 H), 4.72 (d, J = 4.32 Hz, 1 H); °C NMR (100.6 MHz,
CDCls, 1t): 8(ppm) 14.05, 14.17, 47.80, 62.71, 62.96, 72.65, 166.77, 170.40; ESI-LRMS:
[M+Na]’, 291.3 (100%), 293.3 (100%).

Diethyl (2S, 3S)-epoxysuccinate (4.6)

21 wt% NaOEt in EtOH (6.6 mL, 17.78 mmol) was added to diethyl (2R, 3R)
2-bromo-3-hydroxylsuccinate 4.5 (3.68 g, 13.68 mmol) in EtOH (20 mL) during 15 min
over an ice-water bath.'® The resulting mixture was further stirred for 1 hr and then
quenched by the addition of HOAc (0.5 mL, 8.70 mmol) followed by evaporation under

reduced pressure. The residue was separated via flash chromatography (EtOAc:hexanes
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1:9) to obtained colorless oil (R, = 0.44 in 1:3 EtOAc:hexanes). Yield: 2.07 g, 81%. 'H
NMR (400 MHz, CDCls, rt): 8(ppm) 1.30 (m, 6 H), 3.65 (m, 2 H), 4.26 (m, 4 H); °C
NMR (100.6 MHz, CDCls, rt): 8(ppm) 14.11, 52.11, 62.29, 166.86; ESI-LRMS: [M+H]",
189.3 (100%).

Diethyl (2S, 3R)-2-hydroxyl-isobutylsuccinate (4.7)

CuCN (467 mg, 5.21 mmol) in anhydrous Et,O (5 mL) was cooled to -30 °C and then
added with 2 M Et,0 solution of iso-BuMgBr (2.5 mL, 5.09 mmol) carefully.'”® The
mixture was incubated at -30 °C* for 20 min; diethyl (2R, 3R)-epoxysuccinate 4.6 (415
mg, 2.21 mmol) in Et;O (3 mL) was dropwise added to the reaction and stirred at -30 °C
for an additional hour. Then the reaction was quenched by saturated NH4Cl (10 mL) and
filtered. The solid was thoroughly washed with Et,O. The filtrate was extracted with
Et;0O (2 x 100 mL). The etherate layer was washed with brine (2 x 100 mL), dried over
anhydrous Na;SOs, concentrated, and purified with silica gel chromatography
(EtOAc:hexanes 5:95 then 10:90) to afford colorless oil as the desired product (R= 0.43
in 1:3 EtOAc:hexanes). Yield: 187 mg, 34%. 'H NMR (400 MHz, CDCls, tt): 8(ppm)
0.95 (m, 6 H), 1.26 (td, J; = 7.18 Hz, J, = 1.37 Hz, 3 H), 1.32 (td, J; = 7.16 Hz, J, = 1.40
Hz, 3 H), 1.52 (m, 1 H), 1.68 (m, 1 H), 1.77 (m, 1 H), 2.95 (m, 1 H), 3.25 (s, br, 1 H),
4.16 (q, J=7.07 Hz, 2 H), 4.22~4.32 (m, 3 H); *C NMR (100.6 MHz, CDCls, 1t): 8(ppm)
14.24,22.49, 22.57, 25.87, 37.07, 46.69, 60.91, 61.89, 71.43, 173.20, 173.57; ESI-LRMS:
[M+Na]", 269.3 (100%).

(2S, 3R)-2-Hydroxy-3-isobutylsuccinic acid (4.8)

Diethyl (25, 3R)-2-hydroxyl-isobutylsuccinate 4.7 (1.13 g, 4.61 mmol) in 1,4-dioxane
(10 mL) was added with 1 N NaOH (20 mL) and the reaction was stirred at rt
overnight.'”® Then the reaction was extract with Et,0 (3 x 30 mL) and the aqueous layer
was acidified with concentrated HCI to pH < 1. The aqueous layer was extracted with
CHCl; (3 x 50 mL) and EtOAc (3 x 50 mL). The organic layer (CH,Cl,/EtOAc) was
dried over anhydrous Na,SO,4 and then concentrated under reduced pressure. The residue

was purified with flash chromatography (EtOAc:hexanes 7:3 then HOAc:EtOAc:hexanes

* Aqueous CaCl, solution with dry ice.
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1:7:3) to give yellow oil (Ry = 0.2 in 1:7:3 HOAc:EtOAc:hexanes; Ry = 0.15 in 1:9
MeOH:CH,Cl,). Yield: 0.83 g, 95%. "H NMR (400 MHz, CDCls, rt): 8(ppm) 1.00 (t, J =
6.40 Hz, 6 H), 1.60 (m, 1 H), 1.79 (m, 2 H), 3.15 (s, 1 H), 4.36 (s, 1 H), 9.00 (s, br, 3 H);
PC NMR (100.6 MHz, CDCls, rt): 8(ppm) 22.16, 22.62, 25.66, 36.74, 46.25, 70.47,
178.31, 179.24; ESI-LRMS: [M-H], 189.4 (100%).

(2R)-4-Methyl-2-((45)-5-0x0-2,2-dimethyl-1,3-dioxolan-4-yl)pentanoic acid (4.9)

2,2-Dimethoxypropane (6 mL) was added to the mixture of p-TsOH-H,O (50 mg, 0.26
mmol) and (25, 3R)-2-hydroxy-3-isobutylsuccinic acid 4.8 (424 mg, 2.44 mmol) in one
portion and the resulting solution was stirred at rt overnight.'”® Then the volatile was
removed under vacuum and the residue was purified with column chromatography
(MeOH:CH,Cl, 1:99) to give light yellow oil (Ry= 0.53 in 1:9 MeOH:CH,ClL,). Yield:
0.39 g, 70%. "H NMR (400 MHz, CDCls, rt): 8(ppm) 0.95 (t, J = 3.0 Hz, 6 H), 1.55 (s, 3
H), 1.61 (s, 3 H), 1.65-1.82 (m, 2 H), 3.02 (s, br, 1 H), 4.47 (d, J = 4.40 Hz, 1 H); °C
NMR (100.6 MHz, CDCls, rt): d(ppm) 22.23, 22.63, 25.82, 26.27, 26.74, 36.59, 74.18,
111.27, 172.23; ESI-LRMS: [M+H]", 231.2 (100%).

Benzyl (11S,14R)-11-tert-butyl-14-((4S)-2,2-dimethyl-5-oxo0-1,3-dioxolan-4-yl)-16
-methyl-10,13-dioxo-3,5-dioxa-9,12-diazaheptadecylcarbamate (4.10)

The CH,Cl; solution (10 mL) of acid 4.9 (180 mg, 0.78 mmol) and amine 4.4 (363 mg,
0.74 mmol) was cooled to 0 °C and 2,6-lutidine (0.6 mL, 5.18 mmol) and PyBop (440
mg, 0.84 mmol) were added sequentially to the solution.'” The resulting solution was
then stirred at rt overnight and quenched by 3 N HCI (50 mL). The aqueous phase was
extracted with CH,Cl, (3 x 50 mL). The CH,Cl, layer was combined, washed with H,O
(2 x 50 mL) and brine (1 x 50 mL), and dried over anhydrous Na,SO4. The solution was
filtered and concentrated under vacuum, and the residue was purified via flash
chromatography (MeOH:CH,Cl, 1:99 then 2:98) to obtain the desired compound as pale
yellow oil (R, = 0.55 in 1:9 MeOH:CH,Cl,). Yield: 260 mg, 58%. '"H NMR (400 MHz,
CD,Cly, rt): d(ppm) 0.91 (d, J = 2.40 Hz, 3 H), 0.93 (d, J = 2.80 Hz, 3 H), 0.99 (s, 9 H),
1.53 (s, 3 H), 1.59 (m, 1 H), 1.62 (s, 3 H), 1.72 (m, 1 H), 2.75 (m, 1 H), 3.38 (m, 4 H),
3.51 (m, 2 H), 3.58 (m, 6 H), 4.22 (s, br, 1 H), 4.46 (d, /= 6.0 Hz, 1 H), 5.12 (s, 2 H),
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7.35 (m, 5 H); °C NMR (100.6 MHz, CD>Cl,, rt): 3(ppm) 21.78, 23.00, 25.68, 25.87,
26.48, 26.70, 34.62, 36.94, 39.27, 47.49, 60.80, 69.97, 70.43, 74.76, 110.88, 128.00,
128.04, 128.53, 170.45, 172.05; ESI-LRMS: [M+Na]’, 630.4; ESI-HRMS: calcd. for
C31HN305Na': 630.3367, found 630.3378.

(15S, 18R,19S) -Methyl 15-(tert-butyl)-19-hydroxy-18-isobutyl-3,14,17-trioxo-
1-phenyl- 2,7,10-trioxa-4,13,16-triazaicosan-20-oate (4.11)

Compound 4.10 (260 mg, 0.428 mmol) was dissolved in MeOH (20 mL) with
p-TsOH-H,O (32 mg, 0.168 mmol) and the solution was heated to reflux for 1 hr. The
solution was then concentrated under vacuum and the resulting mixture was charged with
silica gel chromatography (MeOH:CH,Cl, 2.5:97.5) to obtain colorless oil (Ry= 0.47 in
1:9 MeOH: CH,Cl,). Yield: 229 mg, 92%. '"H NMR (400 MHz, CD,Cl,, rt): 8(ppm) 0.92
(d, /J=6.0 Hz, 3 H), 0.95 (d, /= 6.0 Hz, 3 H), 1.00 (s, 9 H), 1.55~1.68 (m, 3 H), 2.81 (s,
br, 1 H), 3.38 (m, 4 H), 3.53~3.60 (m, 9 H), 3.74 (s, 3 H), 4.17 (m, 1 H), 4.21 (s, 1 H),
5.11 (s, 2 H), 7.34 (m, 5 H); °C NMR (100.6 MHz, CD,CL, rt): 8(ppm) 22.39, 25.68,
26.53, 34.56, 38.69, 39.32, 41.01, 47.29, 52.34, 60.70, 66.53, 69.64, 70.06, 70.42, 71.99,
128.03, 128.08, 128.55, 156.49, 170.05, 173.36, 173.88; ESI-LRMS: [M+Na]", 604.5
(100%).

(11S,14R,15S)-Methyl 1-amio-11-tert-butyl-15-hydroxy-14-isobutyl-10,13-dioxo-3,6-
dioxa-9,12-diazahexadecan-16-oate (4.12)

The Cbz protected amine 4.11 (228.6 mg, 0.394 mmol) in MeOH (20 mL) was added
with 10% Pd/C (100 mg) and the mixture was incubated in a H, atmosphere for 1.5 hr.
Then the reaction mixture was filter over Celite, and the Celite was washed with MeOH
and CH,Cl, thoroughly. The filtrate was combined and concentrated under vacuum. The
colorless oily residue (quant.) was used directly in the following reaction. For
characterization, part of the residue was purified from silica gel flash chromatography
(MeOH:CH,Cl, 5:95, then 1:9 and then MeOH:CH,CIl,:NH4OH 15:85:0.5) to obtain the
desired product (R,= 0.039 in 1:9 MeOH:CH,CL). Yield: 170.2 mg, 97%. 'H NMR (400
MHz, CDCls, rt): 8(ppm) 0.93 (d, J=5.60 Hz, 3 H), 0.96 (d, /= 6.00 Hz, 3 H), 1.00 (s, 9
H), 1.64 (m, 3 H), 2.81 (m, 2 H), 3.34 (m, 1 H), 3.60 (m, 10 H), 3.77 (s, 3 H), 4.21 (d, J =
8.80 Hz, 1 H), 4.25 (s, 1 H), 6.81 (d, J=9.20 Hz, 1 H), 7.27 (s, br, 1 H); *C NMR (100.6
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MHz, CDCL, rt): 8(ppm) 22.63, 22.66, 25.73, 26.92, 34.63, 38.97, 39.43, 47.78, 52.59,
60.74, 69.94, 70.24, 70.60, 71.61, 170.47, 173.24, 174.30; ESI-LRMS: [M+H]", 448.4
(100%), [M+CIT, 482.4 (100%).

(13S,16R,17S)-Methyl 13-tert-butyl-17-hydroxy-16-isobutyl-1,12,15-trioxo-1-(2, 4,
6-trifluoro-3-(4, 4, 5, 5-tetraphenyl-1, 3, 2-dioxaborolan-2-yl)phenyl)-5, 8-dioxa-2,
11, 14-triazaoctadecan-18-oate (4.13)

Boronate 3.1 (217 mg, 0.393 mmol), HOBt-H,O (110 mg, 0.720 mmol) and pyridine
(0.12 mL, 1.50 mmol) in DMF (10 mL) was added with EDC-HCI (104 mg, 0.540 mmol)
in one portion at rt. Incubated at rt overnight, the reaction was quenched upon the
addition of 3 N HCI (30 mL), and EtOAc (3 x 50 mL) was added to extract the aqueous
layer. The organic layers were combined, washed with H,O (3 x 50 mL) and brine (1
50 mL), and then dried over anhydrous Na,SO4. The solution was filtered and
concentrated under reduced pressure and then separated by flash chromatography
(MeOH:CH,Cl,, gradient 0.5:99.5 to 2.5:97.5) to afford white foam as the desired
product (R;= 0.49 in 1:9 MeOH:CH,Cl,). Yield: 202.9 mg, 53%. ’F NMR (282.4 MHz,
CD,Cly, rt): 8(ppm) -28.27 (s, 1 F), -21.87 (s, 1 F), -17.12 (s, 1 F); "H NMR (400 MHz,
CD,Cly, rt): 8(ppm) 0.91 (d, J=6.16 Hz, 2 H), 0.94 (m, 12 H), 1.58 (m, 3 H), 2.77 (td, J;
=7.55Hz, J,=3.16 Hz, 1 H), 3.37 (m, 2 H), 3.50 (m, 2 H), 3.58~3.70 (m, 9 H), 3.71 (s,
3 H),4.08 (d, J=9.12 Hz, 1 H), 4.17 (d, J=3.16 Hz, 1 H), 6.26 (t, J =4.92 Hz, 1 H),
6.52 (d, J=9.04 Hz, 1 H), 6.87 (m, 2 H), 7.11 (m, 12 H), 7.23 (m, 8 H); >C NMR (100.6
MHz, CD,Cl,, rt): 8(ppm) 22.33, 22.38, 25.70, 26.48, 34.53, 38.65, 39.28, 40.07, 47.37,
52.36, 60.78, 69.52, 69.60, 70.37, 70.47, 71.97, 96.91, 127.27, 127.44, 128.63, 142.02,
159.67, 169.96, 173.25, 173.82; ESI-LRMS: [M+Na]’, 1002.9 (100%); ESI-HRMS:
caled. for Cs4HgBN3O;oF3Na': 1002.4300, found: 1002.4277.

(2R,3S)-N1-((8)-14,14-Dimethyl-1,12-diox0-1-(2,4,6-triﬂu0r0-3-(4,4,5,5-tetrapheny]-
1,3,2-dioxaborolan-2-yl)phenyl)-5,8-dioxa-2,1 1-diazapentadecan-13-yl)-N4,3-dihydr
oxy-2-isobutylsuccinamide (4.14)

Methyl ester 4.13 (76.6 mg, 0.078 mmol) and KCN (8.0 mg) were mixed in 1:1
THF:MeOH (4 mL) and added with 50% aqueous NH>OH (1.0 mL). The reaction was

stirred at rt for 6.5 hr. The mixture was concentrated under reduced pressure and the
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residue was charged with flash chromatography (MeOH:CH,Cl, 3:97) to give a white
solid as the desired product (R,= 0.32 in 1:9 MeOH:CH,Cl). Yield: 44.7 mg, 58%. The
compound can be further purified by RP-HPLC using HPLC Program 3 with Column II
(tr = 12.0 min) or analyzed by RP-HPLC using HPLC Program 1 with Column I (tr =
29.4 min) in HPLC System I. ’F NMR (282.4 MHz, CD,Cl,, rt): 8(ppm) -29.60 (s, 1 F),
-23.36 (s, 1 F), -18.49 (s, 1 F); "H NMR (400 MHz, CD,Cl,, rt): 8(ppm) 0.89 (d, J = 6.48
Hz, 3 H), 0.91 (d, /= 6.48 Hz, 3 H), 0.94 (s, 9 H), 1.44 (m, 1 H), 1.54 (m, 1 H), 1.65 (m,
1 H), 3.19 (t, /= 8.06 Hz, 1 H), 3.39 (m, 2 H), 3.53 (t, /= 4.88 Hz, 2 H), 3.56~3.75 (m, 8
H), 4.13 (d, J=8.96 Hz, 1 H), 4.18 (s, br, 1 H), 6.48 (s, br, 1 H), 6.88 (td, J; = 9.16 Hz,
Jy=1.20 Hz, 1 H), 7.00 (s, br, 1 H), 7.13 (m, 12 H), 7.24 (m, 8 H), 9.45 (s, br, 1 H); °C
NMR (100.6 MHz, CD,Cl,, rt): 8(ppm) 22.12, 22.56, 25.78, 26.61, 29.79, 34.62, 39.28,
40.02, 61.26, 69.55, 70.30, 96.94, 99.11, 101.18, 101.49, 127.13, 127.28, 127.44,
127.74, 128.47, 128.61, 129.42, 137.16, 139.42, 141.92, 142.00, 143.94, 170.35, 174.50;
ESI-LRMS: [M+Na]’, 1003.8 (100%), [M-H], 979.9; ESI-HRMS: calced. for
Cs3HgoBN4O10F3Na":1003.4252, found: 1003.4276.

Potassium 19F-N-marimastat-amidyl—2,4,6-triflu0r0-N-(2-(2-(2-(amin0)eth0xy)
ethoxy)ethyl)-3 -(trifluoroborate)benzamide (MarArBF3) (4.15)

Compound 4.14 (13.6 mg, 13.9 umol) in MeOH (1.0 mL) was added with 4.5 M KHF,
(40 pL, 180 pmol) and 6 M HCI (10 pL, 60 pmol). The resulting mixture was stirred at rt
for one hour in a 1.5 mL eppendorf tube and the solvent was removed under reduced
pressure. The residue was washed with Et,O (6 % 1.5 mL). The pellet was then dried over
vacuum overnight. The product was extracted into de-DMSO (400 pL) for
characterization directly. '’F NMR (282.4 MHz, ds-DMSO, rt): 8(ppm) -55.13 (s, 3 F),
-40.99 (s, 1 F), -27.23 (s, 1 F), -22.21 (s, 1 F); '"H NMR (300 MHz, ds-DMSO, rt): 8(ppm)
0.78 (t, J = 7.23 H, 6 H), 0.89 (s, 9 H), 1.40 (m, 2 H), 2.69 (m, 1 H), 3.19 (m, 2 H),
3.35~3.55 (m, 8 H), 3.70 (t, /= 7.64 Hz, 1 H), 4.21 (d, /=9.54 Hz, 1 H), 5.32 (d, J =
7.41 Hz, 1 H), 6.67 (t,J=9.39 Hz, 1 H), 7.48 (d, J=9.54 Hz, 1 H), 7.99 (t, J=5.5.4 Hz,
1 H), 8.90 (s, br, 1 H), 10.60 (s, br, 1 H); ESI-LRMS: [M-K]’, 673.7 (100%); ESI-HRMS:
calcd. for Cy7H40BN4OgF¢:673.2842, found: 673.2859.
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Benzyl (11-(tert-butyl)-14-(1-hydroxy-2-(hydroxyamino)-2-oxoethyl)-16-methyl-10,
13-dioxo-3,6-dioxa-9,12-diazaheptadecyl)carbamate (Cbz-PEG-Mar) (4.16)

50% aqueous NH,OH (1.0 mL, 16.3 mmol) and KCN (8 mg) were added to methyl
ester 4.12 (120 mg, 0.206 mmol) in THF:CH30H (1:1, 3 mL). The resulting mixture was
stirred at rt overnight. The reaction was quenched by the addition of brine (1 < 30 mL)
and extracted with CH,Cl, (3 x 50 mL). The organic layer was washed with brine (1 % 30
mL) and dried over anhydrous MgSO,. The solution was filtered, concentrated under
reduced pressure, and then charged over silica gel chromatography (MeOH:CH,Cl, 3:97
then 5:95) to give a pale pink solid as the desired product (R, = 0.30 in 1:9
MeOH:CH,Cl,). Yield: 79.6 mg, 66%. 'H NMR (400 MHz, CDCls, rt): d(ppm) 0.94 (m,
6 H), 0.98 (s, 9 H), 1.52 (m, 2 H), 1.77 (m, 3 H), 3.44 (m, 4 H), 3.59 (m, 8 H), 4.23 (m, 2
H), 5.14 (s, 2 H), 5.66 (s, 1 H), 6.72 (s, 1 H), 7.38 (m, 5 H), 8.08 (s, 1 H), 8.47 (s, 1 H),
9.55 (s, 1 H); >C NMR (100.6 MHz, CDCls, rt): 8(ppm) 22.31, 22.72, 25.68, 26.77,
34.67, 39.10, 39.22, 40.81, 44.98, 61.19, 66.70, 69.63, 70.12, 72.50, 128.11, 128.52,
136.59, 156.64, 168.66, 170.52, 174.73; ESI-LRMS: [M+Na]’, 605.6 (100%);
ESI-HRMS: calcd. for CogHugN4OoNa': 605.3162, found: 605.3157.

Methyl 2-phenylacetate

Phenyl acetic acid (3.0 g, 22 mmol) was suspended in thionyl chloride (15.0 mL, 206.5
mmol) for 2 min at rt in a round bottle flask connected with a condenser. Then methanol
(5 mL) was added dropwise to the solution. After the addition, the reaction was heated to
reflux for 4 hr. The reaction was cooled to rt and concentrated under vacuum. The
residue was suspended in CH,Cl, (50 mL) and washed with saturated NaHCO;. The
aqueous layer was further extracted with CH,Cl, (2 x 50 mL). The organic layers were
combined and washed with saturated NaHCO; (1 x 50 mL), H,O (2 x 50 mL), and brine
(1 x 50 mL), and dried over anhydrous Na,SO4. The solution was filter and the solvent
was removed in vacuum to give golden oil (R,= 0.61 in 1:1 EtOAc:hexanes), which was
used without further purification. Yield: 2.66 g, 81%. "H NMR (400 MHz, CDCls, rt):
8(ppm) 3.70 (s, 2 H), 3.76 (s, 3 H), 7.36 (m, 5 H); >*C NMR (100.6 MHz, CDCl;, rt):
S(ppm) 41.64, 52.45, 127.55, 129.03, 129.69; ESI-LRMS: [M+Na]", 173.2 (100%).
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N-Hydroxy-2-phenylacetamide (4.17)

Methyl 2-phenylacetate (500 mg, 3.33 mmol) and KCN (8 mg) were mixed in 1:1
THF:MeOH (4 mL) and added with 50% aqueous NH,OH (1 mL)."® The mixture was
stirred at rt for 4 hr. The mixture was concentrated and the residue was charged with
silica gel flash chromatography (MeOH:CH,Cl, 5:95) to give a pink solid (R;= 0.27 in
1:9 MeOH:CH,Cl,). Yield: 292 mg, 58%. 'H NMR (400 MHz, d,-MeOD, rt): d(ppm)
3.43, (s, 2 H), 7.29 (m, 5 H); °C NMR (100.6 MHz, d,-MeOD, tt): 5(ppm) 39.63, 99.38,
126.95, 128.52, 128.96; ESI-LRMS: [M+Na]", 174.1 (100%), [M-H]", 150.3 (100%).

Monomethyl succinate

Succinic anhydride (3.0 g, 30 mmol) in MeOH (40 mL) was heated to reflux for 2 hr
and then the solution was concentrated in vacuum to give colorless oil. The oil was
further purified with silica gel flash chromatography (EtOAc:Hex 1:1) to give a white
solid as the desired product (R, = 0.24 in 1:1 EtOAc:Hexanes). Yield: 3.23 g, 95%. 'H
NMR (400 MHz, CDCl;, rt): 8(ppm) 2.66 (m, 2 H), 2.75 (m, 2 H), 3.75 (s, 3 H); °C
NMR (100.6 MHz, CDCls, rt): d(ppm) 29.03, 29.32, 52.39, 173.01, 178.71; ESI-LRMS:
[M+Na]", 155.1 (100%), [M-H]’, 131.2 (100%)).

Methyl 4-((4-methoxybenzyl)amino)-4-oxobutanoate

In CH,Cl, (20 mL) were dissolved monomethyl succinate (500 mg, 3.79 mmol),
4-methoxybenzylamine (0.59 mL, 4.50 mmol), HOBt-H,O (640 mg, 4.17 mmol), and
NEt; (1.06 mL, 7.58 mmol). EDC-HCI (940 mg, 4.93 mmol) was added to the mixture in
one portion to give white slurry within 10 min. THF (8 mL) was added to help dissolve
the solid and the mixture was left at rt for 21 hr. The solvent was removed in vacuo and
the residue was resuspended in EtOAc (50 mL). The EtOAc solution was washed with
H,O (50 mL) and the aqueous layer was further extracted with EtOAc (2 x 50 mL). The
organic layers were combined, washed with H,O (2 x 50 mL), 3 N aqueous HCI (1 x 50
mL), HO (2 x 50 mL), and brine (1 x 50 mL), and then dried over anhydrous Na,SOj.
The solution was filtered and the filtrate was concentrated for silica gel flash
chromatography (MeOH:CH,Cl, 1:9) to give a white solid (R, = 0.51 in 1:9
MeOH:CH,Cl,). Yield: 609 mg, 90%. 'H NMR (400 MHz, CD,Cl,, 1t): o(ppm) 2.48 (d, J
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= 6.68 Hz, 2 H), 2.65 (t, J= 6.81 Hz, 2 H), 3.66 (s, 3 H), 3.79 (s, 3 H), 4.33 (d, J=5.73
Hz, 2 H), 6.86 (d, J = 8.67 Hz, 2 H), 7.20 (d, J = 8.67 Hz, 2 H); °C NMR (75.5 MHz,
CD,Cl,, 1t): 8(ppm) 29.61, 31.23, 43.23, 51.98, 55.60, 114.26, 129.25, 131.10, 159.37,
171.25, 173.62; ESI-LRMS: [M+Na]", 274.3 (100%).

N-Hydroxy-N’-(4-methoxybenzyl)succinamide (4.18)

Methyl 4-((4-methoxybenzyl)amino)-4-oxobutanoate (125 mg, 0.50 mmol) and KCN
(8 mg) were mixed in 1:1 THF:MeOH (7 mL) and added with 50% aqueous NH,OH (2.5
mL). The mixture was stirred at rt for 2 hr and CH,Cl, (30 mL) was added to the reaction.
After separation of layers, the aqueous layer was extracted with CH,Cl, (2 x 30 mL); the
organic layers were combined and dried over anhydrous Na,SO4. The solution was
filtered and concentrated in vacuum, and the residue was charged with silica gel flash
chromatography (MeOH:CH,Cl, 1:99 then 1:9) to give a white solid as the desired
product (R, = 0.16 in 1:9 MeOH:CH,Cl,). Yield: 28.6 mg, 23%. 'H NMR (400 MHz,
ds-DMSO, 1t): d(ppm) 2.19 (t, J = 7.40 Hz, 2 H), 2.34 (t, /= 7.40 Hz, 2 H), 3.71 (s, 3 H),
4.16 (d, J=5.60 Hz, 2 H), 6.85 (d, /= 8.80 Hz, 2 H), 7.20 (d, /= 8.00 Hz, 2 H), 8.23 (s,
1 H), 8.64 (s, 1 H), 10.33 (s, 1 H); C NMR (100.6 MHz, ds-DMSO, 1t): 8(ppm) 28.43,
31.16, 42.08, 55.65, 114.24, 129.11, 132.10, 158.74, 169.04, 171.52; ESI-LRMS:
[M+Na]", 275.2 (100%).

Marimastat-FITC (4.19)

The fluorescent marimastat-FITC has been synthesized by Dr. Curtis Harwig and
reported by Overall and co-workers.*® Briefly, methyl ester 4.12 (21.5 mg, 0.048 mmol)
was treated with fluorescein 5(6)-isothiocyanate (90%, 18.5 mg, 0.043 mmol) in
anhydrous DMF (2 mL) at rt for 1.5 hours. The mixture was then concentrated for flash
chromatography (HOAc:MeOH:CH,Cl,, 0:1:9 then 1:10:89) to afford the methyl ester of
the fluorescein derivative (23 mg) which was then reacted with 50% aqueous NH,OH
(100 pL, 1.5 mmol) in 1:1 THF:MeOH (0.8 mL) in the presence of KCN (~ 1 mg). After
incubation at rt for 16 hr, the reaction was concentrated in vacuum and the residue was
triturated with CH,Cl,:MeOH (5:1, 3 X 5 mL). The mixture was then filtered and the
filtrate was concentrated under reduced pressure to give the desired hydroxamate 4.19.

ESI-HRMS: calcd. for C4,Hs5N4O1,S: 835.3224, found: 835.3241.
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4.5.2 Defluoridation study of MarArBF; (4.15)

Around 130 pL of the ds-DMSO solution of 4.15 was lyophilized and 300 puL of 1 X
PBS was added to the residue. Then '’F NMR spectrum was recorded at different time
point. The percentage of 4.15 in terms of the '’F-signal was fit to the first order decay

kinetics as shown in Figure 4.4.
4.5.3 Ferroin test

The hydroxamic acids were dissolved in EtOH to achieve a concentration around 6 mM.
Then a certain amount of the solution was added to 300 puL of FeCl; (5.0 mM) in EtOH
and diluted to 600 uL with a corresponding amount of EtOH. Then the UV absorption at
499 nm was recorded for each sample. A standard curve was then obtained to give the

extinction coefficient of the complex at 499 nm.

Since the MeOD solution of 4.15 contained some free fluoride, to determine its
concentration, the effect of free fluoride needs identifying. A similar ferroin test with
different concentrations of free fluoride in the form of KHF, in MeOH was carried out
and the result suggested that the fluoride played no role on the UV absorption. Then the
concentration of 4.15 in MeOD was determined via a standard dilution curve with the

extinction coefficient of Fe(Ill)-4.16.

4.5.4 The acid stability of hydroxamic acids studied by NMR

spectroscopy

To 200 pL of the hydroxamic acid 4.17 (43.2 mM) or 4.18 (43.2 mM) in ds-DMSO was
added 200 pL of D,SO4 (3.4 M) in D,0. The 'H NMR spectra of the resulting deuterated
solution were then recorded at different time points by Bruker Avance 300 Spectrometer.
The percentage of the starting material in the mixture against time was fitted

exponentially.
4.5.5 Enzyme inhibition assays
4-Aminophenylmercuric acetate (1 pL, 10 mM) was incubated with the recombinant

human MMP2 (24.8 uL, 0.139 mg/ mL) at 37 °C for 1 hr for activation. Then the enzyme
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MMP2 in the solution was diluted with FAB solution to 0.389 pg/mL. The rates of
enzymatically cleaving 1 uM of the fluorescent substrate (7-methoxycoumarin-4-
yl)acetyl-Pro-Leu-Gly-Leu-[3-(2,4-dinitrophenyl)-L-2,3-diainoproprionyl]-Ala-Arg-NH,
(QF24) by 0.307 pg/mL of the preactivated MMP2 at 37 °C in FAB solution were
measured in 96-well fluorimetry plates in a Polarstar Optima (BMG Labtech GmbH)
using a 320 nm excitation filter and a 405 nm emission filter in the presence of increasing
concentrations of marimastat inhibitors. Curve-fitting and ICsy calculations were

processed via GraphPad Prism 5.0 software (GraphPad Software).
4.5.6 Assays for fluorescent marimastat-FITC

4.5.6.1 Binding assay of marimastat-FITC with MMPs

First, the direct binding of marimastat-FITC 4.19 to MMPs was visualized directly on
the gel. Briefly, the recombinant human MMPs (MMP2, 8, 9 and 14) were expressed,
purified, and then resolved nonreduced on the 10% SDS-PAGE. The SDS was removed
and the enzymes were renatured in the gel, which was then incubated overnight with
marimastat-FITC 4.19 at 37 °C in Tris buffer (100 mM, pH 8) containing CaCl, (30 mM).
Washed with PBS, the gel was imaged with an excitation at 340 nm on an Alpha Imager
System.

4.5.6.2 Cell assay for MMP14 by marimastat-FITC

The breast cancer cell line MDA-MB-231 stably transfected with human MMP14 or
empty vector was cultured. For MMP14 activity staining, the cells grew on glass
chamber slides and were incubated with marimastat-FITC 4.19 in the culture medium for
12 hr. The cells were then washed with PBS buffer, counterstained with Hoechst® and
fixed with 4% formalin. The slides were then washed with PBS, treated with ProLong
Gold antifade reagent to suppress photobleaching and imaged under the Leica DMRA2
fluorescent microscope. Pictures were taken for both MMP14-transfected and vector

control cells with the same exposure time.

* Hoechst dyes are fluorescent cell permeable nucleic acid stains.
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4.5.7 Radiolabeling marimastat-boronate

8F_Fluoride in H,'®O after the cyclotron was transferred to the hotcell and trapped on
the anion exchange column (239 mCi at 9:21 on Dec. 4™ 2009). The radioactivity was
then released with 1 mL of NaClO4 (2 mg/mL) to give an '*F-fluoride solution, which
was then concentrated under helium flow at 110 °C in a Pyrex V-vial. To the residue (212
mCi at 9:34 on Dec. 4™, 2009) was added 4 pL of H,0O and 2 pL of the radioactive
solution was transferred out. 1.6 pL of KHF, (250 mM) and 40 pL H,O was then added
to the V-vial and the resulting mixture was then concentrated under helium flow at 110
°C. The radioactivity in the V-vial after evaporation was 108.7 mCi at 9:55 on Dec. 4™,
2009 (the specific activity = 0.136 Ci/umol at 9:55). 3 uL of the aqueous solution
containing sodium ascorbate (1.0 M) and potassium iodide (197.9 mM) was added to the
residue to fully resuspend the radioactivity and 2 puL of the resulting solution was
transferred to marimastat-boronate 4.14 (100 nmol) in CH3CN (2 pL). Concentrated HCI
(0.5 uL) was added to the mixture to initiate the reaction (53.4 mCi at 9:59 Dec 4",
2009). The mixture was then incubated at rt for 88 min and quenched upon the addition
of 105 uL of 0.83% aqueous NH4OH (30.4 mCi at 11:28 on Dec. 4™, 2009). The whole
quenched mixture was then injected into the HPLC equipped with a fraction collector
(0.5 mL/fraction) using HPLC Program 4 with Column I (tg = 15.6 min) (HPLC System
I1). The fractions 29™ (804 uCi at 11:50 on Dec. 4™, 2009) and 30™ (460 uCi at 11:50 on
Dec. 4™, 2009) containing the product were pooled and concentrated under reduced
pressure over 50 °C. Then the residue was formulated with sterilized 1 x PBS buffer and
delivered for animal injection (1.1 mCi at 12:05 on Dec. 4™, 2009, specific activity =

0.179 Ci/umol at 12:05).

A similar procedure was carried out for the radiolabeling on Dec. 11", 2009. More
specifically, 346 mCi of "*F-fluoride in H,'*O at 8:30 on Dec. 11", 2009 was obtained
from the target and it was concentrated under helium flow at 110 °C. Then 700 nmol of
fluoride in the form of KHF; in 120 pL was added to the residue (291 mCi at 8:53 on
Dec. 11™, 2009) and the resulting mixture was then concentrated under helium flow at

110 °C. Then 4.5 pL of fluoride solution containing KHF, (125 nmol), sodium ascorbate
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(4.19 mmol), potassium iodide (837.5 nmol) and ammonium formate (837.5 nmol) was
added to the residue and 1.5 pL of the resulting solution (the specific activity: 0.306
Ci/umol at 8:53 on Dec. 11", 2009) was transferred to marimastat-boronate 4.14 (100
nmol) in 1.5 pL of CH3CN. The mixture was acidified by the addition of concentrated
HCI (0.5 pL) to initiate the reaction (63 mCi at 9:25 on Dec. 1", 2009). After 69 min at
rt, the reaction was quenched by 105 uL of 0.83% aqueous NH4OH and then injected
into the HPLC for separation. Fractions 31% (120 pCi at 10:49 on Dec. 11", 2009), 32"
(530 uCi at 10:49 on Dec. 11", 2009), 33™ (327 uCi at 10:49 on Dec. 11" 2009), and
34™ (141 uCi at 10:49 on Dec. 1" 2009) were pooled and rotaevaporated under reduced
pressure. The residue was then formulated in sterilized 1 x PBS for animal imaging (953
uCi at 11:10 on Dec. 11" 2009, specific activity 0.396 Ci/umol at 11:10 on Dec. 11,
2009).

For the experiments to study the factors influencing the radiolabeling of
marimastat-boronate 4.14, similar procedures were used to operate the experiment with
trivial modification. We here take reaction IIl in Table 4.1 as an example of the
radiolabeling. "*F-Fluoride was trapped by a Sep-Pak Light Accell Plus QMA cartridge
(CI', 37-55 pm) and eluted with 2 mg/mL NaClO4 (1 mL) to give a slightly acidic
radioactive solution in a 5 mL Pyrex V-vial (pH ~ 5.5, 100 mCi at 11:21, Now. 23rd, 2010)
and 0.95 M KHCOs (14 pL) and 0.125 M KHF, (4 puL) were added to the '*F-fluoride
solution to give a solution of pH ~ 8. The solution was added with CH3CN (1.0 mL) and
concentrated over Ar stream at 110 °C. Cooled to rt, the residue was added with 0.125 M
KHF, (8 pL) to resuspend '°F-fluoride. 1.25 pL of the mixture was added to
marimastat-boronate 4.14 (100 nmol) in CH3CN (4 pL) and concentrated HCI (0.5 pL) to
initiate the fluoridation. The reaction (5.63 mCi at 11:13, Nov. 23", 2010) was incubated
at rt for 78 min and quenched with 200 pL 5% NH4OH in 50% aqueous EtOH (the
radioactivity after the reaction was quenched: 3.35 mCi at 12:31, Nov. 23™, 2010), 10 uL
of which was injected into the UPLC using Program 6 with Column III in HPLC System

III for analysis.
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4.5.8 MicroPET imaging

Female BALB/c mice (7 to 9 weeks old; Taconic Laboratories) were injected with 1
x10° viable 67NR CMV-Luciferase murine mammary cancer cells into the right fourth

'8%) The mice bearing 67NR tumors at day 26 and

mammary gland (50 uL in PBS/mouse
day 33 were injected i.p. with the radiolabeled tracer Mar-'*F-ArBF; 4.15 for both the
blocking and non-blocking experiments. The blocking experiment was carried out on the
control 67NR tumor mice with i.p. injection of the blocking solution of 300 nmol
marimastat in PBS buffer three times over one hour prior to the tracer injection. The
pre-blocked and unblocked mice were then anesthetized with isoflurane and tail vain
injected with 50-100 uCi of '®F-4.15 with decay corrected specific activities of 0.179
Ci/umol and 0.396 Ci/umol at the time of packaging. The mice were dynamically
scanned for 80 minutes followed by a 10-minute transmission scan via a microPET

Focus 120 (CTI Concorde) system. The PET imaging data were compiled with Siemens

Focus 120 microPET software. PET images were generated with Amide version 0.8.19.
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Chapter 5 Radiosynthesis of an '*F-ArBF; labeled

PSMA inhibitor for prostate cancer imaging

This chapter describes our effort to label a urea-based ligand with an '*F-ArBF; in
order to target prostate-specific membrane antigen (PSMA) in the purpose of imaging
prostate cancer. Herein, the preliminary results of the radiolabeling will be presented and

discussed.
5.1 Introduction

5.1.1 Prostate cancer

Prostate cancer that develops in the prostate gland in men is known worldwide as the
second most common cancer and it is regarded as one of the six leading causes of cancer

. 185
death in men.

It is the primary cause of death from cancer in men over the age of 70
years and it has been found that there are higher incidence rates in developed countries of
Europe and North America, which might be due to the extensive utilization of the
prostate-specific antigen (PSA) testing. The PSA test was approved in 1986 by the Food
and Drug Administration (FDA) for detection of prostate cancer, which has assisted the
diagnosis of early stage prostate cancer.'* Although PSA is so far the best prostate

187189 it is not entirely specific for prostate cancer because PSA levels

cancer biomarker,
might be also elevated in noncancerous conditions.'”® Moreover, the fact that individual
patients display different PSA levels limits accurate detection of prostate cancer with
high sensitivity, and biopsies are always involved to further confirm prostate cancer.""
192 Correspondingly, new approaches and novel biomarkers are needed to provide more
precise detection/diagnosis for prostate cancer and to understand the possible cause of the

diseases.
5.1.2 Biomarkers for prostate cancer

With renewed research efforts, many new potential biomarkers for prostate cancer (n >
91) have been discovered.'” An ideal disease biomarker needs to be prostate-specific,

detectable in biological fluids such as serum and urine, and disease related.'”® However,
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only a few have demonstrated potential clinical applications and been involved in the
new therapeutic developments.'”"” Several biomarkers for prostate cancer will be

discussed below.

Human Kallikrein 2, a serine protease, shares 80% sequence identity with PSA. Like
PSA, it has been found to be overexpressed in prostate cancer.'** 1% 19520 1 gpite of the
improved detection accuracy, its low presence in surrounding prostate tissue, plasma, and
blood, only around 1% of that of PSA, however, makes it very challenging in terms of

detection by current analytical techniques.

Prostate cancer gene 3 (PCA3P

), a prostate-specific noncoding mRNA, is found to
be overexpressed 60-100 fold in more than 95% of prostate cancer/metastatic specimens
over normal prostate tissues.'”* '*® 1 Even though the specificity and sensitivity of
PCA3P™ is close to that of all serum PSA, the test’s accuracy was reported to be
significantly greater. Additional clinical trials are needed to provide more information for

its application in the detection of prostate cancer.

Early prostate cancer antigen (EPCA) is a nuclear matrix protein associated with
prostate cancer. It has been found with high sensitivity (94%) and specificity (92%) for
prostate cancer diagnosis.'”* '*®'*® Further studies are required to validate its clinical

application in detecting the disease.

Prostate cancer-specific autoantibodies are produced by the immune system when
the prostate tumor associated antigens are overexpressed.'”" '*% 1820 o _Methyl-acyl-
coenzymeA-racemase (AMACR), an enzyme involved in the oxidative metabolism, has
been found at abnormally high levels in the prostate cancer tissue.'”” Although the
concentration of AMACR is low in serum and urine, the concentration of autoantibodies
against this enzyme is always increased. This difference can be used to distinguish
patients with prostate cancer from healthy individuals. Thus, detection based on the
prostate cancer-specific autoantibodies has demonstrated high diagnostic accuracy with
higher sensitivity and improved specificity compared with PSA.*"" A combination of two
autoantibodies against different antigens has provided a specific immunoprofile with

prostate-cancer specificity and improved diagnostic performance.***
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Prostate-specific membrane antigen (PSMA), a protein specifically overexpressed in
prostate cancer, has been regarded as a potential prostate cancer biomarker and has been
extensively studied.'”* '°® 182 Although there has been no solid data to indicate the
feasibility of detecting PSMA in serum for use in diagnosis, it’s been used as a
therapeutic target for drug development and for noninvasive molecular imaging
applications.””> *** This is because a) the expression of PSMA occurs mainly in the
prostate at all stages of the disease, b) it is overexpressed in both the
androgen-insensitive and metastatic disease, c) it localizes on the cell surface instead of
entering the circulation system, and d) it is involved in antibody endocytosis that is

mediated by receptors.

The biomarkers introduced above have provided valuable information to detect prostate
cancer, which allows patients to receive suitable treatment and therapies at early time
points. Some of the biomarkers such as the tumor-associated antigens are also being
targeted to control late stage and recurrent prostate cancer for drug/therapy development.

More details can be found in several excellent reviews.'”> '’

5.1.3 PSMA and molecular imaging of prostate cancer

PSMA is a type II membrane glycoprotein containing three sub-domains: an N-terminal
intracellular domain, a transmembrane domain, and an extracellular domain.?** 2% There
are two PSMA variations designated as PSMA and a spliced variant PSM’, both of whose
biological functions remain unclear.”*>**” Although PSMA is highly expressed on the
surface of all prostate tissues, PSMA has also been detected in some normal tissues such

2% Elevated expression of PSMA has been

209, 210

as brain, salivary gland, and renal tubules.
observed during cancer progression and in hormone-refractory prostate cancer.
Moreover, PSMA has exhibited immunoreactivity only in vascular endothelial cells,
which are restricted to the cancerous region in many tumors.”!' The increased PSMA
expression during cancer progression and its specificity for the prostate endothelial cells

make it a particularly useful target for both cancer therapies and prognostic diagnosis.

Although the function of PSMA remains unknown, it has been discovered that PSMA

has enzymatic activity. PSMA is now also known as folate hydrolase I and glutamate
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carboxypeptidase II, which might indicate such roles during cancer progression.*'?

Briefly, PSMA is able to cleave the glutamate residue from a peptide such as folate®'* **

and N-acetylaspartylglutamate®"

with high efficiency. A study via X-ray crystallography
revealed that in the external domain of PSMA there is a glutamate sensing pocket, which
demonstrates a conformational change after PSMA binds to small agonists and
antagonists.”'® By targeting its enzymatic activity, various PSMA pro-drugs have been
developed and studied. Fundamentally, it is expected that the non-toxic pro-drugs would
only release the active moieties at the tumor site where PSMA serves as molecular
“scissors”. For example, several methotrexate-based glutamates were studied and shown
to display high specificity for PSMA and stability in serum for potential cancer

. 217
therapies.

PSMA targeted therapies and diagnosis in the past were mainly focused on the antibody
studies.”’®*?° The first antibody against PSMA is ProstaScint®, an '''In-labeled mouse
monoantibody (mAb) that recognizes the intracellular epitope of PSMA on dead or
necrotic cells, commonly present in lymph nodes.”?' Since it only detects dead cells, it is
actually employed to provide information for the elimination of prostate cancer cells after
therapy treatment as a post-therapy evaluation method. Soon, a human recombinant
antibody J591 was developed by Bander and co-workers to target the extracellular
domain of PSMA;*"® J591 has been developed for clinical use. The metal chelating agent
was introduced to this antibody to deliver therapeutic radionuclides such as lutecium-177
and yittrium-90.'™ ?** 2% In phase I clinical studies of '""Lu-J591, all locations of the

. . . . . . 222
metastatic disease were successfully imaged in metastatic prostate cancer patients.

Although antibodies have proven to be useful for imaging and radioimmunotherapy for

prostate cancer and other solid tumors where PSMA is overexpressed,”” ***

the long
circulation time required for antibodies to reach their targets can result in a prolonged
whole-body radiation dose.”” On the other hand, the development of inhibitors of
glutamate carboxypeptidases has provided a series of drug-like candidates of low
molecular weight and high potency to target PSMA. The first potent and selective
synthetic PSMA inhibitor, 2-(phosphonomethyl)pentanedioic acid, now known as

2-PMPA, was developed by Guilford Pharmaceuticals in 1996.**° The study on the
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substrate enantiospecificity to the enzyme with 2-PMPA has disclosed that (L)-glutamate
residue is critical for the inhibitory activity.*® A further study on the substrate specificity
of PSMA has revealed that the acidic residues on the substrates are more favorable for
binding.”*’ It was also found that the pharmacophore pocket of PSMA preferentially
binds to glutamate or glutamate-like structures on the P1’ residue while the
non-pharmacophore site with an “arginine patch” is mainly involved in charge-to-charge
interactions to recruit the negatively charged residues on the substrate (P1 residue).2**!
This determines the high structure tolerance of the non-pharmacophore subpocket and

the low tolerance for structural changes of the inhibitors for the pharmacophore

subpocket. Based on this, a series of inhibitors, most of which contain the glutamate

residue, have been developed.”?”*****® These inhibitors include phosphonamidates®>*’
and urea-based PSMA inhibitors™® as shown in Figure 5.1.%
F
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Figure 5.1 Examples for some synthesized PSMA inhibitors,?* 23 23¢

With potent inhibitory activity against PSMA, some of the inhibitors have been further
developed as imaging ligands to visualize PSMA expression in vivo and to study their
pharmacokinetics and specificity. One of the phosphonamidates, S-2-(((2-S-4-amino-4-

carboxybutanamido)-S-2-carboxyethoxy)-hydroxyphosphorylamino)-pentadioic acid was
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coupled with N-succinimidyl-4-'*F-fluorobenzoate ('*F-SFB) with a very high
radiochemical yield (> 90% from '"F-SFB) to give the '*F-fluorobenzamido-
phosphonamidate, whose structure is indicated in Figure 5.2.>*° The in vivo imaging and
biodistribution study suggested that the radiolabeled phosphonamidate cleared rapidly in
the mice while high tumor uptake was achieved with a tumor-to-blood ratio of 9:1 at two
hours post injection. The tumor uptake was regarded as specific based on two types of
experiments: 1) differential imaging of mice bearing PSMA (+) or PSMA (-) tumor
models and 2) a typical blocking experiment that was undertaken with mice bearing
PSMA (+) tumors. Substantially lower tumor uptake was observed in mice with PSMA (-)
tumor or mice with PSMA (+) tumor treated with the blocking agent. Although high
kidney uptake was observed, which was thought to be partially due to PSMA specific
binding to the kidney, the low uptake in both bone and liver strongly implied high in vivo
stability and low lipophilicity of this molecule. Therefore, these promising results would

guide further development of this category of compounds for prostate cancer imaging.
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Figure 5.2 Several radiolabeled PSMA inhibitors reviewed in this chapter.

Glutamate-containing urea-based PSMA inhibitors have also been developed.”**** Dr.
Martin Pomper and co-workers in Johns Hopkins Medical Institute have published a

significant amount of beautiful imaging work on this type of molecules with various

radionuclides including 18F, e, 1251, M7 and 8Ga. 174 175 241245 The radiolabeled

145



urea-based PSMA inhibitors, [''C]DCMC and ['*’1]DCIT, were first reported for in vivo
imaging targeting PSMA in tumor-bearing mice.”*' Despite the fact that there was only
mild tumor uptake of ['*’I]DCIT, both radiolabeled tracers showed very high PSMA
specific tumor uptake. The tumor-to-muscle ratios of 10.78 for [''C]DCMC and 4.69 for
['*I]DCIT in tumor-bearing mice with prostate cancer were obtained. Soon, a similar
version of '®F-labeled urea, ["*F]DCFBC, was reported to not only demonstrate high
tumor uptake, but also low liver uptake.*** ['*FJDCFBC was therein claimed to be the
first clinically useful PET imaging agent for PSMA. A glutamate-urea-lysine
(Glu-C(0)-Lys) analogue was developed as a suitable scaffold for derivatization with

174, 175, 243-245

various radionuclides. Two of the 'Pl-labeled ureas derived from

Glu-C(O)-Lys, [123I]MIP—1072 and [123I]MIP—1095, are now in preclinical evaluation for

the detection and staging of prostate cancer.”** ***

5.1.4 Labeling the urea-based PSMA inhibitor with an F_ArBF,

The urea Glu-C(O)-Lys provides the g-amino group of the lysine residue for further
derivatization of the molecule, while other known analogues all have shown very high
target specificity and high affinity in promising in vivo imaging studies.'”* > 2*% This
molecule received our attention because the g-amino group on the lysine residue
perfectly allows for conjugation to boronate 3.1. It is expected that after the fluoridation,
its ArBF; labeled version may provide improved clearance properties in addition to its
inhibitory activity towards PSMA. The negatively charged ArBF; might also enhance the
electrostatic interactions with the “arginine patch” subpocket of PSMA, which could
result in enhanced inhibitory activity. In addition, labeling Glu-C(O)-Lys with an ArBF;
can further enable evaluation of the potential application of ArBFss as PET imaging
agents. Therefore, in this chapter, we synthesized HO-Lys(boronate)-C(O)-Glu(OH)-OH

5.9 and its radiolabeling was studied. Further biological and animal studies are awaited to

provide more information of in vivo properties of the '*F-ArBFj; labeled urea.
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5.2 Results

5.2.1 Synthesis
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Scheme 5.1 Synthesis of urea-borate 5.9 following the literature protocol.

(a) i. N,N,N’,N’-Tetrametylguanidine, DMF, 0 °C, 0.5 hr, ii. ethyl acetoacetate, rt, iii. PMB-CI, rt, 24 hr,
iv.1 N HCIl, MeOH, rt, 10 min, 53% over four steps; (b) i. CuSO,4-5H,0, H,0, 80 °C, 5 min, ii. (Boc),0,
1,4-dioxane, pH 9, rt, 48 hr, 87% over two steps; (c) i. 1.41 N EDTA (aq), rt, 3 hr, ii. Fmoc-Osu, Na,COs, 0
°C to rt, overnight, 98% over two steps; (d) Cs,CO;, DMF, Ar, PMB-CI, 0 °C to rt, 4 hr, 78%; (¢) 20%
piperidine/DMF, rt, 2 hr, 59%; (f) i. CDI, NMM, CH,Cl,, Ar, r.t, 1 hr, ii. 5.1, NMM, CH,Cl,, Ar, rt,
overnight, 33%; (g) TsOH-H,0, EtOAc/THF, rota-vap, 49%; (h) 3.1, EDC-HCI, HOBt-H,O, Py, CH,Cl,, 1t,
overnight, 72%; (i) 3% anisole in TFA, 1 hr, rt, 16%.

The synthesis of the urea first followed a literature protocol reported by Pomper and
co-workers®” with some modifications as summarized in Scheme 5.1. Briefly,
(L)-glutamic acid was first treated with N,N,N’,N’-tetramethylguanidine and ethyl
acetoacetate to selectively block the amino group. PMB-CI was then added to the mixture
to give the bis-PMB ester. The N-protected glutamate diester was treated with HCI in
MeOH for a short time (10 min) to provide the bis-PMB protected glutamate
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HCI-H-Glu(OPMB)-OPMB 5.1.2**?*" Meanwhile, the e-amino group of (L)-lysine was
selectively protected with a Boc group by taking advantage of copper chelation chemistry
to form the stable copper(Il) complex.*** Then copper(Il) was readily removed by EDTA
to release H-Lys(Boc)-OH, which was immediately converted to Fmoc-Lys(Boc)-OH 5.3
in the presence of Fmoc-OSu under basic conditions in high yields. Following
esterification with PMB-CI and Fmoc-deprotection with piperidine, H-Lys(Boc)-OPMB
5.5 was obtained. Instead of triphosgene, carbonyldiimidazole (CDI) was used to
conjugate the amino acids 5.1 and 5.5 to afford urea 5.6 in a moderate yield.** Urea 5.6
was treated with TSOH to successfully and selectively remove the Boc group on the side
chain of the lysine residue to give intermediate 5.7. EDC coupling of 5.7 and boronate
3.1 yielded 5.8 and the subsequent TFA treatment of 5.8 in the presence of anisole
provided the desired product, urea-boronate 5.9. The overall yield from (L)-lysine of this
synthesis is 0.73% over eight steps.

The low overall yield of the synthesis in Scheme 5.1 might be attributed to low yields
in two specific reactions, the deprotection of the Boc group in the presence of TsOH for
5.7 and the deprotection of the PMB groups with 3% anisole in TFA for 5.9. Although the
Boc group is more acid-labile than the PMB group, deprotection of the PMB group could
not be avoided and a yield of only 33% was obtained for this reaction. In addition, severe
deboronation was observed during the deprotection of 5.8, while anisole and the
byproducts further complicated the purification of the desired product 5.9. Based on this,
a more acid-labile protecting group tert-butyl (‘Bu) was introduced to protect all the
carboxylic groups and an orthogonal amine protecting group, the carbobenzyloxy (Cbz)
was used instead of Boc to mask the g-amino group of lysine. This alternative synthesis

1s demonstrated in Scheme 5.2.

The acid-labile bis-tert-butyl ester 5.16 was prepared from Cbz-Glu-OH 5.15 with
tert-butyl N,N’-dicyclohexylisourea, which was obtained by incubating DCC in
tert-butanol in the presence of a catalytic amount of CuCl, for 5 days. Then, 5.16 was
incubated in THF in the presence of Pd/C under the H, atmosphere to afford
H-Glu(O'Bu)-O'Bu 5.17. On the other hand, CbzCl was added to the lysine-copper(I)

complex to protect the e-amino group of lysine. However, in this case EDTA was found
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to be ineffective in releasing the Cbz-protected lysine from the copper. Instead, Na,S was
used to destroy the complex by forming Cu,S and thereby releasing the free
H-Lys(Cbz)-OH,”® which was then directly reacted with Fmoc-OSu to give
Fmoc-Lys(Cbz)-OH 5.12. Following the same tert-butyl ester preparation from
dicyclohexylisourea and a subsequent Fmoc-deprotection, lysine 5.14 was obtained and
then coupled to glutamate 5.17 in the presence of CDI to form dipeptide urea 5.18, which
underwent the Pd/C catalyzed hydrogenolysis to successfully give the free amine 5.19.
Boronate 3.1 was then conjugated to urea 5.19 using EDC/HOB} as the coupling reagents
to afford 5.20 in a good yield. The deprotection in TFA/CH,Cl, cleanly provided the
desired product 5.9 with reasonable purity, which was further purified via RP-HPLC. The
overall yield of this modified synthetic protocol for 5.9 from (L)-lysine is increased to

7.8% over eight steps.
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Scheme 5.2 Modified synthetic route of urea-borate 5.9.

(a), i. NaOH, CuSO,5H,0, H,0, 80°C to rt, ii. NaOH/NaHCO,, CbzCl, 1,4-dixoane/H,0, 0 °C to rt,
overnight, 94% over two steps; (b), i. Na,S, H,0, rt, 0.5 hr, ii. NaHCO3, FmocCl, dioxane/H,0, 0°C to rt,
overnight, 38% over two steps; (c), tert-butyl N,N’-dicyclohexylisourea, CH,Cl,, reflux, overnight, 83%;
(d), HNEt,, CH,Cl,, 1t, 2 hr, 83%; (e), NaHCO;, CbzCl, H,0, 0 °C to rt, 26 hr, 81%; (f), tert-butyl
N,N’-dicyclohexylisourea, CH,Cl,, reflux, overnight, 77%; (g), 10% Pd/C, H,, THF, rt, 24 hr, 93%; (h), i.
CDI, NMM, CH,Cl,, Ar, rt, 3 hr, ii. 5.14, NMM, CH,Cl,, rt, 24 hr, 89%; (i), 10% Pd/C, H,, THF, rt, 24 hr,
47%; (j), 3.1, EDC-HCI, HOBt-H,O, pyridine, CH,Cl,, rt, overnight, 77%; (k), 50% TFA/CH,Cl,, rt, 3 hr,
quant.
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Figure 5.3 NMR spectra of urea-ArBF;5.10.
The spectrum A: PF NMR spectrum of 5.10 in ds-DMSO at rt; the spectrum B: 'H NMR spectrum of
5.10 in ds-DMSO at rt.

Boronate 5.9 was then treated with a large excess of KHF, overnight to give the
corresponding ArBF; 5.10, which was used to study its HPLC chromatographic
performance. Its "’F NMR and '"H NMR spectra are shown in Figure 5.3. From the "°F
NMR spectrum, the integration of the characteristic ArBF; peak at -55.0 ppm is perfectly
three times that of each Ar-F. The 'H NMR spectrum exhibits the absence of the
benzopinacol group (~ 7.2 to 7.4 ppm) and also shows the characteristic protons of the
urea compound as the two a-protons at 3.76 ppm and 3.98 ppm respectively and the

N-protons on the urea at 6.14 ppm.

Overall, we were able to synthesize urea-boronate 5.9 via two independent routes. A
better overall yield was achieved via the Cbz/'Bu protecting strategy. Urea-boronate 5.9
was successfully converted to urea-ArBF; 5.10 with relatively high purity, which can be

directly used for various studies.
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5.2.2 HPLC conditions for urea-ArBF; 5.10

5.2.2.1 HPLC analysis of urea-ArBF; 5.10

Intens.

[mAUTJ]

407

207

T — T T T T — ™ — T — ™ T

0 5 10 15 20 25 30  Time [min]
I—TIC +All — UV Chromatogram, 220 nm
A)
Intens-|
X105 - 523.9 -MS, 18.7min (#1063)
1.07]
0.87
0.67
047 543.9
0.27 525.9 5433/\,\_‘
0.0 T r T T T 1 T 7 T T T T LN B L L L T T T T T T T T T L
515 520 525 530 535 540 545 550 miz
(B)

Figure 5.4 The ESI-LCMS of urea-ArBF; 5.10.

(A), Both the TIC and UV-HPLC chromatograms of 5.10; (B), the ESI spectrum at 18.7 min of the TIC
chromatogram of 5.10. The LC was performed via Program 16 with Column I in the ESI-LCMS system.
And 5 pL of the d,-DMSO stock solution of 5.10 was injected into the LCMS with the mass detector at the
negative mode.

With three free carboxylic groups and an ArBF;, compound 5.10 demonstrates
excellent water solubility; however, the high polarity initially complicated its purification
while acids such as TFA or formic acid, which have usually been added to the mobile
phase to ensure good peak shape and resolution for peptides and carboxylic acids in
HPLC, are not suitable in this case as acidic conditions promote solvolytic fluoride

251
loss.

As such has been reported164’ 252 and we have also learned that ArBF5s have short
life times under acidic conditions, thus we tend to avoid the use of acid in the HPLC
solvent system for the analysis/purification of ArBFss. The first solvent systems we tried
were CH3;CN/H,O and MeOH/H,O. It was found that both 5.9 and 5.10 co-eluted at the
solvent front over a C18 column in the RP-HPLC, even with 100% H,O flush. Similar

results were obtained by switching the aqueous mobile phase to phosphate buffer or
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ammonium formate buffer (HCO,NH,4). Advised by Phenomenex HPLC experts, I also
tried a C4-column, a Synergi Fusion-RP C18 column and even a size exclusion
Biosep-Sec2000 column. None of these solved our problem. Fortunately, when I turned
to triethylammonium acetate (TEAA)/CH3;CN, which I used as the solvent system to
analyze one of the oligonucleotides studied in Chapter 6, surprisingly good retention time
was obtained. The buffer at pH 6 with the counter cation HNEt;™ clearly provided good
resolution. Although the lack of good chromophore on compound 5.10 resulted in poor
UV signal detection, ESI-LCMS successfully identified the desired product, which eluted
at 18.7 minutes with an expected mass ([M]: 543.9 and [M-HF]: 523.9) as shown in
Figure 5.4.

5.2.2.2 The fluoridation analyzed by ESI-LCMS
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Figure 5.5 The ESI-LCMS analysis of the fluoridation to prepare urea-ArBF; 5.10.

The fluoridation was carried out in the presence of urea-boronate 5.9 (15.4 mM), HCI (0.97 M), and KHF,
(61.5 mM) in 6.5 puL of 61.5% aqueous CH;CN at rt for 84 min and quenched with 20 uL of 5% NH4OH in
EtOH. 10 pL of the quenched reaction was injected into the LCMS. The LC was performed via Program 16
with Column I in the ESI-LCMS system. The blue trace is the TIC for the injection at the negative mode;
the purple one is the UV-HPLC chromatogram at 220 nm.

The non-radioactive fluoridation of urea-boronate 5.9 was carried out under the standard
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fluoridation conditions used in this thesis. Briefly, 100 nmol of 5.9 in 4 uL. CH3CN was
added with 2 pL of 0.4 M KHF;and 0.5 pL of 12.6 M concentrated HCl. The reaction
was incubated at room temperature and quenched with 5% NH4OH in EtOH". The
quenched crude was then injected into ESI-LCMS for analysis. The product was detected

with a retention time of 16.9 minutes as shown in Figure 5.5.
5.2.3 The radiosynthesis of urea-'"*F-ArBF; 5.10

Since the desired urea-ArBF; 5.10 has very low UV activity, radio-HPLC was also
used to study its chromatographic performance before the TEAA solvent was used.
Similar results were obtained with the mobile phase of H,O/MeOH, H,O/CH3CN and
aqueous HCO,NH4/CH3;CN. For instance, the radio-HPLC chromatogram of one
BF_fluoridation of urea-boronate 5.9, with HCO,NH4/CH;CN as the mobile phase, has
been shown in Figure 5.6. This disappointing result suggested that either there was no
resolution between free '*F-fluoride and the '*F-labeled urea-ArBF; 5.10 or the reaction
did not work.

0.04 M HCO,NH4/CH3CN as the mobile phase
600

500 -

400 A

cpm

300 A

200 A

100 T T T T T T
0 5 10 15 20 25 30
t (min)
Figure 5.6 The radio-HPLC chromatogram of the '*F-fluoridation of urea-boronate 5.9 in
HCO,NH,/CH;CN solvent system.
The HPLC was performed via HPLC Program 7 with Column I in HPLC System IV. The radiolabeling
condition: urea-boronate 5.9 (100 nmol), HCI (6.3 pmol), and "*F-fluoride containing '*F-fluoride (500
nmol) in 61.5% aqueous CH3;CN (6.5 pL), rt, 70 min. The reaction was quenched with 5% NH4OH in 50%
aqueous EtOH (100 pL). The radioactivity at the BOS: 1.35 mCi.

In contrast, using TEAA buffer instead of H,O or HCO,NH4 solution as the aqueous
mobile phase, I obtained a radio-HPLC chromatogram with good resolution. The

radiochemical yield can be calculated based on the radio-HPLC trace, since a negligible

* Tt was found that precipitation was caused via quenching the reaction with NH,OH in 50% aqueous
EtOH.
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amount of radioactivity was retained on the column under the gradient conditions used.
As shown in Figure 5.7A, the new radio-peak at 15.8 minutes produced in the reaction
had a very close retention time with the ESI-LCMS chromatogram and the radiochemical
yield of this labeling reaction was 20%. Moreover, same as the work in the radiolabeling
of marimastat-boronate 4.14, there was a new peak produced besides the free fluoride,

which is most likely '®F-BF, as discussed in Chapter 4.
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Figure 5.7 The radio-HPLC chromatograms of the radiosynthesis of urea-'*F-ArBF}; 5.10.

The HPLC was performed via HPLC Program 16 with Column I in HPLC System IV. The radiolabeling
conditions for HPLC trace A: urea-boronate 5.9 (100 nmol), HCI (6.3 pmol), and '*F-fluoride containing
PF_fluoride (500 nmol) in 61.5% aqueous CH5CN (6.5 L), rt, 70 min, and quenched with 5% NH,OH in
50% aqueous EtOH (100 pL), the radioactivity at the BOS: 3.26 mCi, RCY: 20%; that for HPLC trace B:
urea-boronate 5.9 (100 nmol), HCI (6.3 pmol), and "*F-fluoride containing '’F-fluoride (500 nmol) in
72.7% aqueous CH3;CN (5.5 pL), rt, 60 min, and quenched with 2% NEt; in 75% aqueous CH3CN (100
pL), the radioactivity at the BOS: 2.69 mCi and RCY: 25%

The peak shape of the desired product at 15.8 minutes in Figure 5.7A was a bit broad,
which might be due to the mobile phase, the flow rate, column temperatures or the
injection conditions. Before adjusting the HPLC conditions, a different quench buffer
containing triethylamine (TEA) in aqueous CH3CN was used instead. This new quench
buffer was expected to be more compatible with the HPLC solvent system. The

radiolabeling reaction was undertaken in the same way, quenched with TEA solution and
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injected into the HPLC. The radio-HPLC chromatogram was shown in Figure 5.7B. A
similar result was obtained as that shown in Figure 5.7A, but with better product peak

resolution.
5.3 Discussion

5.3.1 Synthesis

Urea-boronate 5.9 was synthesized via two similar synthetic pathways based on
different protecting group strategies. The method employing the PMB-protecting groups
based on a literature report’* was followed with some modifications. One of the
modifications during the synthesis of the urea was the use of CDI instead of triphosgene.
A lower yield was obtained, which may be due to the lower reactivity of CDI in this
reaction. Moreover, the deprotection of the Boc group from 5.6 by TsOH was carried out
in EtOAc/THF instead of EtOAc/EtOH described in the original work. We first followed
the literature conditions with EtOAc/MeOH as the reaction solvent. However, severe
transesterification was observed and the separation of the desired tri-PMB ester from the
Me/PMB esters was very challenging. We hence turned to EtOAc/THF as the solvent to
achieve relatively clean deprotection in moderate yields. This deprotection occurred
slowly at room temperature. It was found that during the rotary evaporation at 40 °C the
deprotection of Boc proceeded rapidly. Consequently, the reaction was further modified
by increasing the number of times (n > 3) of rotary evaporation to remove the
EtOACc/THF cosolvent. With eight steps from lysine, compound 5.9 was obtained in an
overall yield of 0.73%.

The limiting step of the first synthesis was primarily the PMB-deprotection of 5.8,
which yielded a high amount of the deboronated product. Besides, the purification was
complicated by anisole, which was present in the deprotection cocktail, and the
byproducts of the deprotection reaction. We therefore turned to the tert-butyl protecting
group. The fert-butyl ester is more acid-labile and the byproduct from the deprotection
step is iso-butene, which escapes the reaction vessel as a gas. This allows a much easier
purification following the deprotection reaction. Moreover, since it is more acid-labile, a

lower concentration of TFA and the absence of the cation scavenger would simplify the
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deprotection reaction and also minimize the extent of the deboronation. It took two more
steps to introduce the fert-butyl groups to the glutamate, and the preparation of
di-tert-butyl glutamate H-Glu(O'Bu)-O'Bu 5.17 was obtained in a yield of 58% over
three steps. Although it took a long time to prepare tert-butyl dicyclohexylisourea, the
esterification to prepare the tert-butyl esters using this method resulted in relatively high
yields. At the same time, in order to selectively protect the e-amino group of lysine with
the Cbz group, copper was used to block the reactivity of the a-amino group by forming
a stable copper complex. To our surprise, in contrast to [H-Lys(Boc)-O],Cu(Il) 5.2,
which was liberated from copper by EDTA treatment, the complex [H-Lys(Cbz)-O],Cu(II)
5.11 showed much higher stability and use of EDTA failed to free the amino acid. Instead,
Na,S was used to remove copper(Il) by forming insoluble Cu,S and thereby releasing the
amino acid. The filtrate from the Na,S treatment was directly used for the
Fmoc-protection. Fmoc-Lys(Cbz)-OH 5.12 was obtained in a relatively low yield. A
second low vyielding reaction was the Pd/C catalyzed hydrogenolysis of the
Cbz-protected urea 5.18. Although TLC analysis® suggested the starting material 5.18
was 100% consumed to give the desired product, the isolated yield via flash
chromatography was low. Nevertheless, tri-tert-butyl ester 5.20 was treated with 50%
TFA in CH,Cl, for about three hours to provide the desired product in high yields and
with good purity. The overall yield of the ‘Bu/Cbz protecting strategy was 7.8% over
eight steps from lysine, which is about ten times the overall yield (0.73%) of the first
synthesis from the PMB/Boc protecting method with same synthetic steps starting from

lysine.

The deprotection of 5.8 and 5.20 with TFA showed very different results. The HPLC
analysis of these TFA deprotections is summarized in Figure 5.8. It indicates that more
impurities were present in the crude deprotection of 5.8 than that in the deprotection of
5.20. These impurities might include the partially deprotected products such as
mono/bis-PMB ureas and anisole used for the deprotection. Moreover, it is possible that
there were some deboronated products present in the crude mixture. In contrast, the
HPLC trace of the crude deprotection of 5.20 was thus much cleaner. It is much easier to

isolate the desired product out from the acid treatment of 5.20 than the PMB protected

* The TLC plate was visualized by ninhydrin stain.
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Figure 5.8 The HPLC traces of the deprotection of 5.8 and 5.20 with TFA.

The blue trace is the deprotection of 5.8 with 3% anisole in TFA at rt for 3 hr and the red one is the
deprotection of 5.20 with neat TFA at rt for 3 hr. The HPLC was performed via HPLC Program 18 with
Column II in HPLC System 1.

Moreover, when treating 5.20 with neat TFA, both TLC and HPLC analysis
demonstrated that a very non-polar species was slowly produced in the reaction. We then
purified this non-polar compound and characterized it by '"H NMR spectroscopy and
ESI-mass spectrometry as shown in Figure 5.9A and Figure 5.9B. From the '"H NMR
spectrum shown in Figure 5.9A, different from that of benzopinacol, there are two Ar-H’s
(~ 7.55 ppm) that are further shielded and thus differentiated from other Ar-H’s. This
suggested that the electronic and magnetic environment for these Ar-H’s (at 7.55 ppm) is
dramatically different from other Ar-H’s. From the “Spectral Database for Organic
Compounds, SDBS™ provided by National Institute of Advanced Industrial Science and
Technology  (AIST), Japan, the ortho-Ar-H’s to the carbonyl of
2,2,2-triphenylacetophenone have the similar chemical shift (7.68 ppm) with a doublet
peak. Moreover, the ESI-MS spectrum in Figure 5.9B provides further information on the
mass-to-charge ratio of the byproduct, which is [M+H]" (349.3) and [M+Na]" (371.3).

All these suggest that there was a pinacol rearrangement of benzopinacol under acidic

® The link for the database is http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre index.cgi?lang=eng.
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conditions to provide 2,2,2-triphenylacetophenone. In addition, the crude reaction, after
the removal of TFA, was also analyzed with "’F NMR spectroscopy. The spectrum in
Figure 5.9C for the crude reaction indicates that around 16.7% of the boronate underwent
deboronation in the presence of neat TFA. This implies that high concentrated TFA
facilitates the protonation of the benzopinacol group on compound 5.9 or 5.20, as shown
in Scheme 5.3. Following protonation, the benzopinacol group slowly undergoes C-O
bond cleavage to provide the pinacolyl carbocation, which rapidly follows a pinacol
rearrangement to release the pinacolone and the boronic acid. This free boronic acid, with
several strong electron withdrawing groups on the aromatic ring, rapidly undergoes
deboronation under such conditions. Nevertheless, to lower the protonation possibilities,
the reaction was improved by using less concentrated TFA and none of the ketone

byproduct or deboronation product was detected thereafter in RP-HPLC.
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Figure 5.9 Studies on the deprotection of 5.20 in neat TFA.
(A), '"H NMR (300 MHz, d;-DMSO) for the non-polar byproduct, purified via flash chromatography; (B),
the ESI-LRMS of the non-polar byproduct at positive mode. The reaction condition: boronate 5.20 (40.0
mg, 0.0392 mmol), TFA (4 mL), rt, 1 hr; (C), "’F NMR (282.4 MHz) for the crude reaction: peaks noted
with (*) are that for the desired product 5.9, that noted with (#) are representative for the deboronated
product.
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Scheme 5.3 The proposed deboronatlon mechanism of the benzopinacol protected boronate in neat
TFA.

Urea-boronate 5.9 was obtained with reasonable purity (without HPLC purification)
and it was directly used for the fluoridation in the presence of a large amount of KHF;
overnight to achieve a 100% conversion. The benzopinacol and any other non-polar
impurities were removed by Et,O extraction. Urea-ArBF;5.10 was then extracted from
the unreacted fluoride with ds-DMSO, in which YF_fluoride was found to have a very
low solubility. The NMR characterization of urea-ArBF; 5.10 displayed in Figure 5.3

confirmed its structure and purity.

5.3.2 The HPLC analysis of urea-ArBF; 5.10

It took us a long time to find the right HPLC conditions to elute urea-ArBF;5.10 with a
reasonable retention time. It was found that without a suitable countercation, the
tricarboxylic groups, while fully deprotonated, showed very high polarity and would pass
through the reverse-phase column rapidly with minimal retention time or no retention at
all. Since acidic conditions are disfavored for the acid-labile ArBF 35,252 three buffered
aqueous solutions were tested as the aqueous mobile phase in RP-HPLC. The sodium
phosphate buffer and ammonium formate buffer did not show enough countercation
capability to form the ion-pairs with the carboxylic groups of urea-ArBF;5.10. Because
both sodium and ammonium cations are relatively polar cations, which would only form

very loose ion-pairs with the carboxylic groups, the overall polarity of the compound was
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not tuned sufficiently to provide more interactions with the C18-alkyl chains of the
column. In contrast, TEAA provides a more hydrophobic triethylammonium cation,
which likely interacts electrostatically with the carboxylic groups and the negatively
charged trifluoroborate group on urea-ArBF; 5.10. The ion pairs then have more
interaction with the solid phase of the HPLC column. Consequently, ArBF; 5.10 has a
longer retention time and elutes later than the solvent front when using TEAA/CH;CN as
the mobile phase, compared with other solvent systems. Based on this, it would be
envisioned that the more hydrophobic tertiary or quaternary amines such as
tributylammonium or tetrabutylammonium be added to the aqueous mobile phase to

provide even better separation/resolution of the 819k_ArBFss from "¥"’F-fluoride.

We attempted to characterize urea-ArBF; 5.10 by ESI mass spectrometry. To our
surprise, the signal of the ArBF; seemed highly suppressed in the presence of trace
amounts of other species such as DMSO. The suspected peak was also collected
following HPLC separation and no useful information was obtained from ESI-MS.
Fortunately, ESI-LCMS as an alternative provided information about the presence of
urea-ArBF; 5.10 as well as its resolution under the given HPLC conditions. Based on the
ESI-LCMS results shown in Figure 5.4 and Figure 5.5, the HPLC program was
developed for the radio-HPLC analysis of the radiofluoridation studies.

The two minute difference between the retention times of the desired urea-ArBF; 5.10
shown in Figure 5.4 and Figure 5.5 is most likely due to the different injection sample
conditions. It is known that the sample matrix would influence the retention time.*>
Since the NH4OH solution was used to quench the fluoridation of urea-boronate 5.9 as
shown in Figure 5.5, NH4OH, fluoride, and chloride in the quenched reaction mixture
might be the chemical interferences in the elution of urea-ArBF; 5.10 during HPLC

isolation, and these interferences changed the sample condition dramatically to alter the

retention time from that shown in Figure 5.4.

5.3.3 Radiosyntheses of urea-'""F-ArBF;5.10

Before the study with ESI-LCMS, it was regarded for a long time that the low UV

absorption of urea-ArBF; 5.10 was the main reason that we were unable to confirm the
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success of the fluoridation of urea-boronat 5.9. We therefore did one '*F-fluoridation of
5.9 in the hope that we could see the resolution of the '*F-radiolabeled product 5.10 from
free '®F-fluoride via radio-HPLC with the HPLC solvents of HCO,NH4/CH3CN. As
shown in Figure 5.6, there was absolutely no separation between '“F-fluoride and the
desired '"F-ArBF; product. Again, we were discouraged in our endeavor to obtain a

cleanly separated '°F-labeled compound.

Based on the improvement with the new solvent system and the successful
identification of urea-ArBF; 5.10 by ESI-LCMS, another '*F-radiolabeling experiment
on urea-boronate 5.9 was successfully undertaken. As indicated in Figure 5.7, the
radio-HPLC traces with the HPLC solvent system of TEAA/CH3;CN provided
encouraging results for this labeling. First of all, very good resolution was obtained as
urea-'*F-ArBF; 5.10 eluted at 15.8 minutes while '*F-fluoride eluted at 4.2 minutes. This
would allow us to efficiently purify the desired '*F-labeled product for eventual in vitro
and in vivo studies from '"*F-fluoride and other species. Secondly, the radiochemical yield
over a one hour reaction at room temperature ranged from 20% to 25%, which seemed a
bit higher than that for Mar-'"F-ArBF; 4.15 in Chapter 4. This radiochemical yield was
also comparable to that of the fluoridation of biotin-boronate 3.23, which was mentioned
in Chapter 3 to give a higher radiochemical yield than other derivatives without the
piperazine linker of the same boronate 3.1. The piperazine linker was presumed to
contribute to the higher radiochemical yield for the fluoridation of biotin-boronate 3.23.
Here, for the relatively high radiochemical yield of the fluoridation of urea-boronate 5.9,
it is believed that the three carboxylic groups on the urea compound might have been
involved in the fluoridation. It is proposed that the acid might first protonate the oxygen
on the boronate to produce a good leaving group and upon the attacking of fluoride, one
of the oxygen atoms on benzopinacol was eliminated in the form of a hydroxyl group,
shown as the second step in the proposed mechanism of the fluoridation in Figure 5.10.
The carboxylic groups in urea-boronate 5.9 might enable proton relay to facilitate the
protonation of the oxygen atom intra- or inter-molecularly, and thus accelerate the

fluoridation. This might lead to the fast fluoridation of urea-boronate 5.9.
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Figure 5.10 The proposed mechanism of the fluoridation of the benzopinacol protected boronate.
R is any substituent on the aromatic ring. The bottom structure is the proposed proton relay effect from the
carboxylic groups of 5.9 to protonate the boronate.

On the other hand, as with the fluoridation of marimastat-boronate 4.14, there was a
second radio-peak eluting right besides '*F-fluoride. This implied as discussed in Chapter
4 that there might be some deboronation occurring during the storage of the boronate or
in the fluoridation reaction. However, unlike marimastat-boronate 4.14, the fluoridation
of which gives a higher percentage of '*F-BF,” when boronate 4.14 has been stored for a
long time, all urea-boronate 5.9 tested for the '*F-radiolabeling has been stored for more
than a year under the same conditions as the storage of 4.14 (-20 °C). Although there are
three carboxylic groups on one molecule of urea-boronate 5.9, the difference between the
fluoridation of 5.9 and 4.14 suggests that urea-boronate 5.9 is relatively stable when

stored properly.

One more point worth mentioning is the different peak resolution, which might be

derived from different quench solutions. It is possible that the ion pair between the
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triethylammonium and urea-ArBF; 5.10 was first formed during the quenching process
with the TEA quench buffer prior to the HPLC injection and a sharp peak was obtained
in the RP-HPLC as indicated in Figure 5.7B, while with the NH,OH/EtOH quench buffer,
after injection into the HPLC, urea-ArBF; 5.10 might slowly equilibrate with the mobile
phase to form the triethylammonium-ArBF; ion pair in the mobile phase and end with a

broader peak as shown in Figure 5.7A.

Overall, the '“F-radiolabeling of urea-boronate 5.9 was very successful. The
radiochemical yields of 20-25% can be achieved within one hour incubation at room
temperature under acidic conditions. It is very promising to use urea-'"F-ArBF; 5.10 to

image prostate cancer with suitable cancer cell lines.
5.4 Conclusion and future perspectives

In this chapter, boronate 3.1 was successfully conjugated to the urea-based PSMA
inhibitor to give urea-boronate 5.9 via two different protecting strategies. The one with
tert-butyl protecting group seems better regarding the overall yield of the synthesis and
efficiency. Boronate 5.9 was then successfully '“F-radiofluoridated with respectable
radiochemical yields and nice radio-HPLC chromatograms were obtained with good

resolution.

Because the structure of the urea compound is similar to others reported, derivatization
via the e-amino group should have no significance on its biological property.**
Nevertheless, the lack of biological study leaves the application of this compound in
doubt as for a potential prostate cancer imaging compound or not. We have already
started the collaboration with Dr. Martin G. Pomper in Johns Hopkins Medical Institute
and sent them the compounds for the biological testing as well as animal imaging studies.

It is expected there will be some results regarding the biological properties and potential

in vivo applications of urea-ArBF; 5.10 in the near future.
5.5 Materials and methods

Commercially available chemicals were purchased from Novabiochem, Sigma-Aldrich,

Acros Organics or Alfa Aesar. Solvents were obtained from Fisher Scientific and used
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without further purification unless otherwise noted. When required, solvents were
pretreated following standard protocols.'?” The '®F Trap & Release column (HCOs™ form,
~ 10 mg) was purchased from ORTG, Inc. Deuterated solvents were purchased from
Cambridge Isotope Laboratories. TLC analysis was performed on aluminium-backed
silica gel-60 plates from EMD Chemicals. Flash chromatography was carried out on
SiliaFlash F60 (230-400 mesh) from SiliCycle. ESI-LRMS was performed on a Waters
ZQ with a single quadrupole detector, attached to a Waters 2695 HPLC. ESI-HRMS
were obtained on a Waters-Micromass LCT with a time-of-flight (TOF) detector. All
NMR spectra were recorded on Bruker Avance instruments, with results reported as
chemical shift (8) in ppm. Unless specified, '"H NMR spectra are referenced to the
trimethylsilane peak (8 = 0.00 ppm), *C NMR spectra are referenced to the chloroform
peak (5 = 77.23 ppm), and "’F NMR spectra are referenced to neat trifluoroacetic acid (5
=0.00 ppm, -78.3 ppm relative to CFCls). HPLC information is attached in Appendix B.

WARNING: All '®F-labeling work was done at TRIUMF. Radiation protection
procedures strictly followed the TRIUMF Radiation Safety Regulations. Since this work
involves mainly manual handling, fairly high amounts of dosage might be applied, and
special caution is required to reduce the operating time. A lead brick castle was built up
to shield the radiation. All the materials that came in contact with the source water (the
'80-water) were collected and decayed separately from other '*F-contaminated stuffs

including gloves, sleeves, vials, tubes, and pipette tips prior to disposal.
H-(L)-Glu(OPMB)-OPBM-HCI (5.1)

This compound was prepared according to the literature protocol.”*®**’ (L)-Glutamic
acid (1.47 g, 10 mmol) was suspended in DMF (10 mL) and cooled to 0 °C.
N,N,N' N'-Tetramethylguanidine (2.5 mL, 20 mmol) was added to the DMF solution and
the resulting mixture was stirred at the same temperature for 0.5 hr. Ethyl acetoacetate
(1.26 mL, 10 mmol) was then added and the mixture was allowed to stir at rt till all solid
disappeared. PMB-CI (2.75 mL, 20 mmol) was added to the solution and the reaction
was further stirred at rt for 24 hr. The reaction was quenched by 1 N aqueous NaHCO;
(50 mL) and extracted with EtOAc (3 x 50 mL). The EtOAc layer was combined, washed
with 1 N NaHCO; (1 x 50 mL) and H,O (2 x 50 mL), and dried over anhydrous Na,SOj.
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The solution was filtered and concentrated in vacuo. The residue was added with 1 N
HCI in MeOH (20 mL) and gently stirred for 10 min. MeOH was then removed under
vacuum and Et,O (~ 300 mL) was added to the residue to result in precipitation. The
solid was isolated and recrystallized from MeOH/Et,O to provide white flake crystals.
Yield: 2.04 g, 53%. 'H NMR (400 MHz, d,-MeOD, 1t): (ppm) 2.16 (m, 2 H), 2.52 (m, 2
H), 3.78 (s, 3 H), 3.79 (s, 3 H), 4.11 (t, J=6.72 Hz, 1 H), 5.04 (s, 2 H), 5.18 (d, /= 5.56
Hz, 2 H), 6.90 (dd, J; = 6.76 Hz, J, = 1.92 Hz, 4 H), 7.27 (d, J=8.64,2 H), 7.32 (d, J =
8.68, 2 H); °C NMR (100.6 MHz, d,-MeOD, rt): 5(ppm) 25.24, 28.90, 51.76, 54.33,
54.37, 66.15, 67.78, 113.52, 113.65, 126.87, 127.92, 129.80, 130.32, 159.90, 160.26,
168.66, 171.91; ESI-LRMS: [M+H]", 388.2 (100%).

[(L)-Lys(Boc)],Cu(Il) (5.2)

(L)-Lys-HCI (2 g, 11.0 mmol) and NaOH (0.98 g, 24.5 mmol) were dissolved in H,O
(12 mL) and added with CuSO45H,0 (1.37 g, 5.48 mmol) in H,O (6 mL).**® The
resulting solution was heated to 80 °C for 5 min and then cooled back to rt to adjust the
pH to 9 with 2 N NaOH (~ 3 mL). (Boc),0 (4.78 g, 21.9 mmol) in 1,4-dioxane (15 mL)
was dropwise added. The reaction was then stirred at rt for 48 hr. The slurry was filtered
and the bluish-purple solid was washed with H,O, EtOH, and Et,O and dried over
vacuum. The product was used directly without further purification in the following step.

Yield: 2.65 g, 87%.
Fmoc-(L)-Lys(Boc)-OH (5.3)

The copper complex 5.2 (1.1 g, 1.99 mmol) was suspended in HO (18 mL) and 1.41 N
EDTA solution (22 mL, 31.0 mmol) was added. The mixture was stirred at rt for 3 hr.**®
Then the solution was cooled to 0 °C and added with Na,COs (1.20 g, 11.1 mmol) and
1,4-dioxane (10 mL). Fmoc-OSu (1.60 g, 4.74 mmol) was added to the solution in one
portion and the mixture was allowed to warm up to rt and stirred overnight. The reaction
was extracted with EtOAc (3 x 50 mL). The aqueous layer was acidified to pH ~ 1 with 3
N HCI and then extracted with EtOAc (3 x 50 mL). The EtOAc layers were combined,
washed with H,O (3 x 50 mL) and brine (1 x 50 mL), and dried over anhydrous Na;SOj.

The solution was filtered and concentrated under reduced pressure and the residue was
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purified via flash chromatography (MeOH:CH,Cl, 2:98 then 3:97) to give a white solid
(Ry=0.26 in 1:9 MeOH:CH,Cl,). Yield: 1.83 g, 98%. 'H NMR (400 MHz, CDCl;, rt):
o(ppm) 1.47 (s, 9 H), 1.51 (m, 4 H), 1.95 (m, 2 H), 3.15 (m, 2 H), 4.24 (s, 1 H), 4.42 (m,
3H),7.32(t,J=7.41 Hz,2 H), 7.42 (t,J=7.39 Hz, 2 H), 7.62 (s, 2 H), 7.78 (d, J = 7.50,
2 H), 8.93 (s, br, 1 H); °C NMR (100.6 MHz, CDCl;, rt): 5(ppm) 28.56, 31.89, 40.21,
47.32, 53.89, 67.06, 67.26, 79.70, 81.23, 120.10, 124.99, 125.29, 127.23, 127.84, 141.45,
143.90, 144.08, 156.51; ESI-LRMS: [M+Na]", 491.2 (100%).

Fmoc-(L)-Lys(Boc)-OPMB (5.4)

Fmoc-(L)-Lys(Boc)-OH 5.3 (2.70 g, 5.76 mmol) and Cs,CO; (2.80 g, 8.655 mmol)
were suspended in DMF (40 mL) under Ar at 0 °C. PMB-CI (1.3 mL, 9.51 mmol) was
added to the mixture in one portion.”*’ The resulting solution was allowed to warm up
and stirred under Ar at rt for additional 4 hr and then quenched with 9 wt% Na,COs3
solution (50 mL). The aqueous solution was extracted with EtOAc (3 x 50 mL). The
organic layers were combined, washed with H,O (2 x 50 mL), 3 N HCI (1 x 50 mL),
H,0O (1 x 50 mL) and brine (1 x 50 mL), and dried over anhydrous Na,SO4. The solution
was filtered and concentrated under vacuum; a white solid (R, = 0.61 in 1:1
EtOAc:hexanes) was isolated via a silica gel column (EtOAc:hexanes 1:3). Yield: 2.65 g,
78%. 'H NMR (400 MHz, CD,Cl, 1t): §(ppm) 1.26 (m, 2 H), 1.43 (s, 11 H), 1.71 (m, 1
H), 1.85 (m, 1 H), 3.06 (s, 2 H), 3.80 (s, 3 H), 4.24 (s, br, 1 H), 4.36-4.42 (m, 3 H), 5.12
(d, /J=8.40 Hz, 2 H), 6.89 (d, /= 8.32 Hz, 2 H), 7.35 (m, 4 H), 7.43 (t, /= 7.40 Hz, 2 H),
7.63 (d, J=7.24 Hz, 2 H), 7.80 (d, J = 7.48 Hz, 2 H); *C NMR (100.6 MHz, CD,Cl,, rt):
o(ppm) 22.34, 28.13, 29.62, 31.98, 40.01, 47.22, 55.21, 66.83, 78.79, 113.86, 119.89,
125.07, 127.02, 127.63, 130.07, 141.27, 143.92, 144.08, 155.88, 159.83, 172.24;
ESI-LRMS: [M+Na]", 611.2 (100%); [M+CI]", 623.3 (100%).

H-(L)-Lys(Boc)-OPMB(5.5)

20% Piperidine in DMF (6 mL) was added to Fmoc-(L)-Lys(Boc)-OPMB 5.4 (500 mg,

243 .
The reaction was

0.859 mmol) and the resulting solution was stirred at rt for 2 hr.
quenched by H,O (50 mL) and extracted with CH,Cl, (3 x 50 mL). The CH,Cl, layer

was combined, washed with H;O (50 mL), and dried over anhydrous Na,SO,. Then the
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solution was filtered and concentrated under vacuum. The residue was purified via flash
chromatography (EtOAc:hexanes 1:1 then MeOH:CH,Cl, 5:95) to give colorless oil (Ry=
0.37 in 1:9 MeOH:CH,Cl,). Yield: 182 mg, 59%. '"H NMR (400 MHz, CD,Cl,, rt):
o(ppm) 1.26-1.87 (m, 17 H), 3.06 (m, 2 H), 3.44 (s, br, 1 H), 3.82 (s, 3 H), 4.68 (m, 1 H),
5.09 (s, 2 H), 6.14 (d, J = 8.68 Hz, 2 H), 7.32 (d, J = 8.64 Hz, 2 H); °C NMR (100.6
MHz, CDCls, rt): o(ppm) 22.92, 28.24, 29.90, 34.66, 40.41, 54.51, 55.34, 66.34, 113.95,
128.25, 128.53, 130.12, 136.18, 155.88; ESI-LRMS: [M+H]", 367.5 (100%).

PMBO-Lys(Boc)-C(O)-Glu(OPMB)-OPMB (5.6)

H-Glu(OPMB)-OPMB-HCI 5.1 (232 mg, 0.547 mmol) in CH,Cl, (10 mL) was added
with NMM (60 pL, 0.546 mmol) and CDI (89 mg, 0.549 mmol) under Ar.>* The mixture
was incubated at rt for 1 hr. Then the whole mixture was transferred to a round bottom
flask charged with H-(L)-Lys(Boc)-OPMB 5.5 (183 mg, 0.499 mmol) and NMM (55 uL,
0.501 mmol). The reaction was then allowed to stir at rt under Ar overnight. The solvent
was removed in vacuo and the residue was then purified via flash chromatography
(EtOAc:CH,Cl, 1:9 then 3:17) to give a white solid as the desired product (Rr= 0.37 in
1:4 EtOAc:CH,Cl,). Yield: 128 mg, 33%. 'H NMR (300 MHz, CDCls, rt): (ppm) 1.27
(m, 2 H), 1.44 (s, 9 H), 1.63 (m, 1 H), 1.72 (m, 1 H), 1.96 (m, 1 H), 2.15 (m, 1 H), 2.41
(m, 2 H), 3.02 (m, 2 H), 3.81 (s, 9 H), 4.52 (m, 2 H), 4.75 (s, br, 1 H), 5.02-5.15 (m, 6 H),
5.57 (m, 2 H), 6.89 (m, 6 H), 7.26 (d, J = 8.30 Hz, 6 H); *C NMR (75.5 MHz, CDCl, rt):
do(ppm) 22.48, 28.13, 28.60, 29.53, 30.49, 32.53, 40.27, 52.63, 52.98, 55.42, 66.41, 67.00,
67.25, 79.21, 114.10, 127.56, 127.74, 128.10, 130.21, 130.27, 130.30, 156.35, 157.13,
159.75, 159.86, 173.00, 173.17, 173.52; ESI-LRMS: [M+Na]", 802.5 (100%).

PMBO-Lys-C(0)-Glu(OPMB)-OPMB-TsOH (5.7)

The compound was prepared following the literature report with some modifications.***
The Boc-protected urea 5.6 (191 mg, 0.245 mmol) and TsOH-H,O (51.0 mg, .269 mmol)
were mixed in EtOAc/THF® (3:1, 8 mL). The solvent was then removed under vacuum

at 40 °C and CH,Cl, (5 x 10 mL) was added to dissolve the residue and then removed

* EtOAc:MeOH solvent system was tried according to the literature. However, it was found severe
transesterification was going on to give methyl ester (partially or fully), which caused troubles for the
isolation and also for the later PMB deprotection step. This led us to turn to non MeOH system. Moreover,
it has been found that the reaction can be promoted during the evaporation under vacuum.
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under vacuum at 40 °C. The residue was then charged with silica gel chromatography
(MeOH:CH,Cl, 2.5:97.5 then 5:95) to obtain colorless oil as the desired product (R, =
0.24 in 1:9 MeOH:CH,Cl,). Yield: 101.5 mg, 49%. '"H NMR (400 MHz, CDCl;, rt):
o(ppm) 1.41 (m, 2 H), 1.5-1.7 (m, 4 H), 1.82 (m, 1 H), 2.05 (m, 2 H), 2.28 (s, br, 5 H),
2.90 (m, 2 H), 3.75-3.95 (m, 9 H), 4.40 (m, 2 H), 5.01 (m, 6 H), 6.35 (dd, J; = 18.20 Hz,
J>=28.00 Hz, 2 H), 6.82 (m, 6 H), 7.08 (d, J=7.60 Hz, 2 H), 7.17 (d, J = 8.40 Hz, 2 H),
7.21 (d, J = 8.40 Hz, 4 H), 7.72 (d, J = 8.00 Hz, 2 H); *C NMR (100.6 MHz, CDCl;, rt):
o(ppm) 21.39, 21.72, 25.86, 26.74, 27.63, 29.28, 29.82, 30.49, 30.66, 39.59, 52.58, 53.13,
55.36, 66.27, 66.77, 67.13, 112.98, 114.06, 125.97, 126.33, 128.14, 129.27, 129.97,
130.04, 141.01, 141.21, 157.98, 159.73, 159.77, 172.85, 173.52, 174.16, 179.12;
ESI-LRMS: [M+H]", 680.7 (100%).

PMBO-Lys(boronate)-C(O)-Glu(OPMB)-OPMB (5.8)

Urea-TsOH 5.7 (100 mg, 0.117 mmol) and boronate 3.1 (68.0 mg, 0.123 mmol) was
mixed with HOBt-H,O (20 mg, 0.129 mmol) and pyridine (28.4 pL, 0.351 mmol) in
CH,CI; (10 mL) at rt. EDC-HCI (26 mg, 0.135 mmol) was added to the solution in one
portion and the reaction was stirred at rt overnight. The solvent was then removed and
the residue was purified with column chromatography (MeOH:CH,Cl, 1:99) to afford a
white solid (R, = 0.59 in 1:9 MeOH:CH,Cl,). Yield: 101.6 mg, 72%. "’F NMR (282.4
MHz, CD,Cl, 1t): (ppm) -28.03 (s, 1 F), -21.76 (s, 1 F), -17.05 (s, 1 F); "H NMR (400
MHz, CD,Cl,, rt): o(ppm) 1.40 (m, 2 H), 1.60 (m, 2 H), 1.69 (m, 1 H), 1.87 (m, 2 H),
2.09 (m, 1 H), 2.35 (m, 2 H), 3.39 (m, 2 H), 3.78 (s, 9 H), 4.38 (m, 2 H), 5.02 (d, J =
10.68 Hz, 4 H), 5.08 (d, J=9.68 Hz, 2 H), 5.13 (d, /= 7.44 Hz, 1l H), 5.17 (d, J=7.72
Hz, 1 H), 6.34 (t, /= 5.24 Hz, 1 H), 6.78-6.94 (m, 6 H), 7.00-7.17 (m, 12 H), 7.18-7.34
(m, 14 H), 7.51 (s, br, 2 H), 7.88 (t, J=7.60 Hz, 1 H), 8.80 (s, br, 2 H); °C NMR (100.6
MHz, CD,Cl,, rt): d(ppm) 22.35, 27.79, 28.69, 30.31, 39.59, 55.32, 66.21, 66.80, 66.97,
96.93, 113.96, 127.26, 127.44, 128.63, 130.03, 130.07, 130.13, 142.03, 156.81, 159.64,
159.80, 159.91, 172.66, 172.71, 172.95; ESI-HRMS: calcd. for CgoHgsBN3O3F3Na '
1234.4460, found: 1234.4474.
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[(L)-Lys(Cbz)],Cu(II) (5.11)

(L)-Lys-HCI (2.00 g, 11.0 mmol) and NaOH (0.88 g, 22.0 mmol) in H,O (12 mL) was
added with CuSO45H,0 (1.40 g, 5.48 mmol) in H,O (6 mL).>" The resulting solution
was heated to 80 °C for 10 min and then cooled back to rt. The pH was adjusted to 9 with
2 N NaOH (~ 3 mL). Then NaHCOs; (1.3 g, 15.5 mmol) was added to the solution and
the mixture was cooled over an ice-H,O bath. Cbz-Cl (2.20 mL, 15.4 mmol) in
1,4-dioxane (20 mL) was dropwise added and the reaction was then stirred at rt overnight.
The slurry was filtered and the blue solid was washed with H,O, EtOH, and Et,O and
dried over vacuum. The product was used directly without further purification in the

following step. Yield: 3.23 g, 94%.
Fmoc-(L)-Lys(Cbz)-OH (5.12)

The copper complex 5.11 (2.00 g, 3.21 mmol) was suspended in H,O (30 mL) with
Na,S (0.40 g, 5.13 mmol).**® The mixture was stirred at rt for 0.5 hr and filtered over
Celite and washed with H,O (30 mL). Then NaHCO; (1.20 g, 14.3 mmol) was added to
the filtrate and the mixture was cooled to 0 °C. FmocCl (3.33 g, 12.9 mmol) in dioxane
(10 mL) was dropwise added to the solution and the mixture was allowed to warm up to
rt and stirred overnight. The reaction was then extracted with EtOAc (3 x 100 mL). The
aqueous layer was acidified with 3 N HCI and then extracted with EtOAc (3 x 100 mL).
The EtOAc layers were combined, washed with H>O (3 x 50 mL) and brine (1 x 50 mL),
and dried over anhydrous Na,SO4. The solution was later filtered and concentrated in
vacuo and the residue was purified via flash chromatography (EtOAc:hexanes 1:3 then
2:3) to give a white powder as the desired product (Ry = 0.27 in 1:9 MeOH:CH,CL).
Yield: 1.23 g, 38%. '"H NMR (400 MHz, CDCls, 1t): d(ppm) 1.46 (m, 2 H), 1.72 (m, 2 H),
1.81 (m, 1 H), 1.94 (m, 1 H), 3.24 (m, 2 H), 4.24 (t, J = 6.76 Hz, 1 H), 4.43 (m, 2 H),
5.13 (s, 2 H), 5.61 (s, br, 2 H), 7.31-7.45 (m, 9 H), 7.62 (m, 2 H), 7.79 (d, J = 7.44 Hz, 2
H); ESI-LRMS: [M+Na]", 525.4 (100%).
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Fmoc-(L)-Lys(Cbz)-O'Bu (5.13)

DCC (12.0 g, 58.2 mmol) and CuCl, (0.20 g, 1.49 mmol) in ‘BuOH (50 mL) was
stirred at r.t for 5 d. The solvent was then removed under vacuum and the residue
containing majorly tert-butyl N,N'-dicyclohexylisourea was dried over high vacuum and
used without further purification.”>> The isourea (1.50 g, ~ 5.35 mmol) was dissolved in
CH,CI, (10 mL) with Fmoc-(L)-Lys(Cbz)-OH 5.12 (556.6 mg, 1.108 mmol) and the
solution was heated to reflux overnight. The reaction was then allowed to cool to rt and
the solid was filtered off. The filtrate was further cooled at -20 °C for an additional hour
and the mixture was filtered again. The filtrate was concentrated and the residue was
purified via flash chromatography (EtOAc:hexanes 5:95 then 1:3) to give a white solid as
the target compound (R, = 0.65 in 1:1 EtOAc:hexanes). Yield: 516.5 mg, 83%. 'H NMR
(400 MHz, CD,Cly, 1t): d(ppm) 1.41 (m, 2 H), 1.51 (s, 9 H), 1.56 (m, 2 H), 1.71 (m, 1 H),
1.85 (m, 1 H), 3.21 (m, 2 H), 4.27 (m, 2 H), 4.42 (m, 2 H), 5.10 (s, 2 H), 5.55 (d, J=7.16
Hz, 1 H), 7.32-7.41 (m, 7 H), 7.45 (t, J = 7.42 Hz, 2 H), 7.67 (d, J = 7.40 Hz, 2 H), 7.82
(d, J = 7.52 Hz, 2 H); >C NMR (100.6 MHz, CD,Cl,, rt): 5(ppm) 22.41, 27.88, 29.60,
32.36, 40.74, 47.39, 54.41, 66.43, 66.82, 81.98, 120.05, 125.23, 127.17, 127.79, 128.04,
128.54, 137.21, 141.41, 144.13, 144.24, 156.02, 156.50, 171.72; ESI-LRMS: [M+Na]",
581.4 (100%).

H-(L)-Lys(Cbz)-O‘Bu (5.14)

Fmoc-(L)-Lys(Cbz)-O'Bu 5.13 (516.5 mg, 0.9245 mmol) was added with CH,Cl, (8
mL) and diethylamine (8 mL, 77.4 mmol) and the solution was stirred at rt for 2 hr. The
solvent was then removed under vacuum and the residue was separated via flash
chromatography (MeOH:CH,Cl, 1.5:98.5 then 3:97) to give colorless oil (R,=0.42 in 1:9
MeOH:CH,Cl,). Yield: 256.7 mg, 83%. 'H NMR (400 MHz, CDCls, tt): (ppm) 1.47 (s,
2 H), 1.49 (s, 9 H), 1.56 (m, 3 H), 1.65 (m, 1 H), 1.79 (m, 1 H), 3.23 (m, 4 H), 3.47 (s, br,
2 H), 5.00 (s, br, 1 H), 5.12 (s, 2 H), 7.32-7.42 (m, 5 H); *C NMR (100.6 MHz, CDCl;,
rt): d(ppm) 22.73, 28.18, 29.68, 40.87, 54.64, 66.71, 81.94, 128.20, 128.65, 136.80,
156.58; ESI-LRMS: [M+H]", 337.4 (100%).
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Cbz-(L)-Glu-OH (5.15)

(L)-Glutamic acid (3.00 g, 20.4 mmol) and NaHCO; (19.00 g, 0.2262 mol) were
dissolved in H,O (120 mL) over an ice-H,O bath.”>® Cbz-Cl (3.50 mL, 24.52 mmol) was
dropwise added to the solution and the reaction was then allowed to stir at rt for 26 hr.
The mixture was extracted with Et;O (2 x 100 mL). The aqueous layer was then acidified
with 3 N HCI to pH 1 and extracted with EtOAc (3 x 100 mL). The EtOAc layer was
washed with 3 N HCI (1 x 50 mL) and brine (1 x 50 mL), and dried over anhydrous
Na,SO4. The solution was filtered and concentrated under vacuum; the residue that was
with good purity was used directly in the following synthesis. Yield: 4.65 g, 81%. 'H
NMR (400 MHz, d,-MeOD, rt): 8(ppm) 1.94 (m, 1 H), 2.19 (m, 1 H), 2.43 (t, /= 7.50 Hz,
2 H),4.24 (dd, J; =9.30 Hz, J,=4.92 Hz, 1 H), 5.11 (s, 2 H), 7.33 (m, 5 H).

Cbz-Glu(O'Bu)-O'Bu (5.16)

Cbz-Glu-OH 5.15 (800 mg, 2.84 mmol) and fert-butyl N,N'-dicyclohexylisourea® (8.80
g, 31.4 mmol) were suspended in CH,Cl, (30 mL) and heated to reflux overnight. The
reaction was then cooled to rt and the solid was filtered off. The filtrate was further
cooled under -20 °C for 0.5 hr and filtered again. The clear solution was then
concentrated over vacuum and the residue was purified with column chromatography
(EtOAc:hexanes 5:95 then 1:9) to give a white solid (R, = 0.50 in 1:3 EtOAc:hexanes).
Yield: 855 mg, 77%. '"H NMR (400 MHz, CDCl;, 1t): 6(ppm) 1.35-1.60 (m, 18 H), 1.94
(m, 1 H), 2.16 (m, 1 H), 2.33 (m, 2 H), 4.29 (m, 1 H), 5.13 (s, 2 H), 5.39 (d, /= 7.16 Hz,
1 H), 7.35 (m, 5 H); °C NMR (100.6 MHz, CDCl;, rt): 5(ppm) 27.98, 28.07, 31.49,
53.98, 66.90, 80.67, 82.29, 128.08, 128.11, 128.49, 136.34, 155.93, 171.10, 172.07;
ESI-LRMS: [M+Na]", 416.4 (100%).

H-Glu(O'Bu)-O'Bu (5.17)

Cbz-Glu(O'Bu)-O'Bu 5.17 (855 mg, 2.17 mmol) and 10% Pd/C (300 mg) in THF (30
mL) were stirred under a H, atmosphere at rt for 24 hr. Then the reaction was filtered
over Celite and the Celite was washed thoroughly with THF. The filtrate was combined

and concentrated over vacuum; the residue was further purified via silica gel

 The tert-butyldicycloisourea was prepared as described in the synthesis of 5.13.
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chromatography (MeOH:CH,Cl, 0:100 then 3:97) to give colorless oil, which solidified
while standing (R = 0.50 in 1:9 MeOH:CH,Cl,). Yield: 525 mg, 93%. 'H NMR (300
MHz, CDCls, rt): 6(ppm) 1.48 (s, 9 H), 1.51 (s, 9 H), 1.88 (m, 1 H), 2.07 (m, 1 H), 2.42 (t,
J =756 Hz, 2 H), 2.67 (m, br, 2 H), 3.46 (m, | H); °C NMR (75.5 MHz, CDCl;, rt):
S(ppm) 28.46, 28.51, 29.96, 32.24, 54.56, 80.89, 82.04, 172.82; ESI-LRMS: [M+H]’,
260.5 (100%).

‘BuO-Lys(Cbz)-C(0)-Glu(O'Bu)-O'Bu (5.18)

H-Glu(O'Bu)-O'Bu 5.17 (283 mg, 1.09 mmol) and NMM (150 pL, 1.36 mmol) in
CH,Cl, (5 mL) was added with CDI (177 mg, 1.09 mmol) under Ar. The resulting
mixture was stirred at rt for 3 hr and then transferred to H-Lys(Cbz)-O'Bu 5.14 (282 mg,
0.838 mmol) mixed with NMM (90 pL, 0.819 mmol). The reaction was left at rt for 24 hr
and then concentrated under vacuum. The residue was charged with flash
chromatography (EtOAc:CH,Cl, 5:95) to give colorless oil or sometimes a white solid as
the desired product (R;=0.60 in 1:9 MeOH:CH,Cl,). Yield: 461 mg, 89%. '"H NMR (400
MHz, CDCls, rt): d(ppm) 1.37 (m, 2 H), 1.45 (m, 11 H), 1.47 (s, 18 H), 1.49 (m, 2 H),
1.54 (m, 1 H), 1.63 (m, 1 H), 1.76 (m, 1 H), 1.86 (m, 1 H), 2.31 (m, 2 H), 3.19 (s, br, 2
H), 4.34 (m, 2 H), 5.13 (m, 2 H), 5.37 (s, br, 2 H), 7.33-7.45 (m, 5 H); *C NMR (100.6
MHz, CDCls, rt): o(ppm) 22.47, 28.14, 28.21, 28.44, 29.50, 31.67, 32.68, 40.80, 53.13,
53.54, 60.54, 66.66, 80.73, 81.88, 82.38, 128.12, 128.16, 128.60, 136.87, 156.80, 157.34,
172.47, 172.62; ESI-HRMS: calced. for C3,Hs;N3OgNa': 644.3523, found: 644.3514.

‘BuO-Lys-C(0)-Glu(O'Bu)-O'Bu (5.19)

Cbz-urea 5.18 (90.0 mg, 0.145 mmol) and 10% Pd/C (50 mg) in THF (5 mL) were
stirred at rt under a H, atmosphere for 24 hr. The mixture was then filtered over Celite
and the solid was washed with THF. The filtrate was combined and concentrated over
vacuum. The residue was purified with flash chromatography (MeOH:CH,Cl, 3:97
gradient to 1:9) to give white foam or sometimes colorless oil (Ry = 0.095 in 1:9
MeOH:CH,CL,). Yield: 33.0 mg, 47%. 'H NMR (300 MHz, CDCls, rt): d(ppm) 1.46 (m,
27 H), 1.60 (m, 2 H), 1.70-1.97 (m, 5 H), 2.06 (m, 2 H), 2.36 (m, 2 H), 3.05 (m, 1 H),
3.12 (m, 1 H), 4.34 (m, 2 H), 6.11 (d, J = 8.16 Hz, 1 H), 6.28 (t, J = 8.00 Hz, 1 H); °C
NMR (75.5 MHz, CDCls, rt): d(ppm) 21.94, 26.83, 28.21, 28.25, 28.42, 29.82, 31.16,
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31.93, 39.58, 53.04, 53.50, 80.69, 81.69, 82.30, 157.75, 172.59, 172.75, 173.62;
ESI-LRMS: [M+H]", 488.5 (100%).

‘BuO-Lys(boronate)-C(0)-Glu(O'Bu)-O'Bu (5.20)

Urea 5.19 (168 mg, 0.344 mmol), boronate 3.1 (200 mg, 0.363 mmol), HOBt-H,O
(56.0 mg, 0.366 mmol) and pyridine (84 pL, 1.03 mmol) were dissolved in CH,Cl, (10
mL) and then added with EDC-HCI (86.0 mg, 0.449 mmol) in one portion. The resulting
mixture was stirred at rt overnight and quenched by 3 N HCI (50 mL). The layers were
separated and the aqueous phase was extracted with CH,Cl, (3 x 50 mL). The CH,Cl,
layers were combined, washed with H,O (2 x 50 mL) and brine (1 x 50 mL), and dried
over anhydrous Na,SO,. The solution was filtered and concentrated under vacuum and
the residue was isolated via flash chromatography (MeOH:CH,Cl, 1:300 gradient to
3:200) to give a white solid (Ry= 0.67 in 1:9 MeOH:CH,Cl,). Yield: 269 mg, 77%. PF
NMR (400 MHz, CD,Cl,, rt): d(ppm) -28.56 (s, 1 F), -22.24 (s, 1 F), -17.74 (s, 1 F); 'H
NMR (400 MHz, CD,Cl,, rt): o(ppm) 1.46 (s, 9 H), 1.47 (s, 9 H), 1.49 (s, 9 H), 1.53 (m,
1 H), 1.70 (m, 4 H), 1.85 (m, 2 H), 2.05 (m, 1 H), 2.30 (m, 2 H), 3.48 (m, 2 H), 4.22 (m,
1 H), 4.30 (m, 1 H), 6.49 (t, J = 5.56 Hz, 1 H), 6.87 (t, J = 8.60 Hz, 1 H), 7.06-7.20 (m,
12 H), 7.21-7.33 (m, 8 H); °C NMR (100.6 MHz, CD,Cl,, tt): d(ppm) 22.42, 27.82,
27.89, 28.18, 28.76, 31.49, 39.77, 80.44, 81.70, 82.03, 96.88, 101.16, 101.41, 127.24,
127.42, 128.62, 142.01, 146.84, 156.95, 159.53; ESI-HRMS: calcd. for
Cs7HesBN3OoF3Na': 1042.4613, found: 1042.4642.

HO-Lys(boronate)-C(O)-Glu(OH)-OH (urea-boronate) (5.9)

The PMB protected boronate 5.8 (30.0 mg, 0.0248 mmol) was added with 3% anisole
in TFA (5 mL) and stirred at rt for 1 hr. The solvent was then removed under vacuum and
the residue was charged with toluene (2 mL). The solvent was then removed in vacuo
and the residue was suspended in CH3CN (2 mL), which resulted in precipitation. The
solid was spinned off and re-dissolved in MeOH and the solution was charged over
RP-HPLC for purification (HPLC Program 18 and Column II in HPLC System I, tg =
22.6 min) to give the pure product (analytic HPLC with Program 19/Column I/HPLC
System I: tg = 22.8 min). Yield: 3.4 mg, 16%. '°’F NMR (282.4 MHz, d,-MeOD/CDCls,
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rt): S(ppm) -28.26 (s, 1 F), -21.76 (s, 1 F), -16.50 (s, 1 F); 'H NMR (300 MHz,
d4+MeOD/CDCls, 1t): o(ppm) 0.76 (t, J = 7.79 Hz, 1 H) 1.00 (m, 2 H), 1.36 (m, 3 H),
1.53 (m, 3 H), 1.77 (m, 2 H), 2.04 (m, 1 H), 2.28 (t, J = 7.53 Hz, 2 H), 3.28 (m, 2 H),
4.20 (m, 2 H), 6.72 (t,J = 8.85 Hz, 1 H), 6.88-7.21 (m, 20 H), 7.26 (m, 1 H); ESI-HRMS:
calcd. for C4sH40BN3OoF3™: 850.2759, found: 850.2772.

The same compound can be obtained from tri-tert-butyl ester 5.20. Tri-tert-butyl ester
5.20 (30.0 mg, 0.0291 mmol) was dissolved in 50% TFA in CH,Cl, (16.0 mL). The
resulting mixture was stirred at rt for 3 hr and then concentrated under reduced pressure.
The residue was then washed with Et,O to give a white precipitate as the desired product.
Yield: 30 mg, quant®. The compound was further purified via RP-HPLC under the same

conditions described above.
Urea-ArBF; (5.10)

Boronate 5.20 (30.0 mg, 0.029 mmol) was dissolved in 50% TFA in CH,ClI, (16.0 mL)
and stirred at rt for 3 hr. The volatile was removed under reduced pressure and toluene (2
x 20 mL) was added to help remove the residual TFA via rota-evaporation. Then the
residue was triturated with Et,O to give a white solid. The mixture was filtered and the
solid was collected, dissolved in CH3CN (1.1 mL), and added with 0.4 M KHF, (1.1 mL,
0.44 mmol) in a plastic falcon tube. The mixture was stirred at rt overnight and
concentrated over vacuum. Toluene (3 x 3 mL) was added to azeotropically remove H,O.
Then the residue was washed with Et;O (6 x 1 mL) to remove any non-polar species
such as benzopinacol and the pellet was then dried over vacuum to remove the residual
volatiles. ds-DMSO (400 pL) was added to extract the product for characterization. '°F
NMR (282.4 MHz, ds-DMSO, 1t): o(ppm) -55.04 (s, 3 F), -40.84 (s, 1 F), -27.42 (s, 1 F),
-22.50 (s, 1 F); "H NMR (300 MHz, ds-DMSO, 1t): (ppm) 1.12-1.69 (m, 8 H), 1.82 (m,
1 H), 2.23 (m, 2 H), 3.14 (m, 2 H), 3.76 (m, 1 H), 3.96 (m, 1 H), 6.14 (s, br, 2 H), 6.68 (t,
J=9.38 Hz, 1 H), 8.48 (m, 1 H).

* The crude product contained TFA, which could not be fully removed.
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18F-Radiolabeling of urea-boronate 5.9

Here is one example of the fluoridation and its HPLC trace was shown in Figure 5.7B.
The '*F-fluoride was trapped, released, and concentrated as described earlier. Then the
radioactivity (39.4 mCi after dry down) was resuspended with 0.25 M KHF, (10 pL).
The '®'"°F-fluoride cocktail (I pL, containing 500 nmol "F-fluoride) was added to
urea-boronate 5.9 (100 nmol) and HCI (12.6 pmol) in 4.5 pL of 88.8% aqueous CH3CN.
The reaction was incubated at rt for 1 hr and quenched with 100 pL of 2% NEt;in 75%
aqueous CH3CN. The quenched reaction was injected into the HPLC for analysis. The
HPLC was performed via HPLC Program 16 with Column I in HPLC System IV.
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Chapter 6 Applying copper(l) catalyzed click chemistry
to label oligonucleotides with '*F-ArBF;s

The one-step labeling for '®F-ArBFss under aqueous conditions at room temperature
described in earlier chapters represents the beauty of this technique for preparing
'SE_PET imaging compounds. However, the labeling reaction, despite the advantages of
proceeding in an aqueous/aqueous cosolvent system at room temperature, occurs under
reasonably acidic conditions,”® which limit the application of this method to
acid-resistant compounds. To apply this labeling strategy as widely as possible, an
indirect method is required to enable the labeling of those acid-sensitive compounds.
Among the coupling methods frequently used, “click” chemistry is one that has garnered
a great deal of attention over the past decade. Here in this chapter, we employed the
copper(I) catalyzed “click” reaction (1,3-dipolar cycloaddition) to label oligonucleotides
with "*F-ArBFss and expect it to be generally useful for the incorporation of '*F-ArBFss
into acid-sensitive molecules. Similar procedure will also be used to label biomolecules

such as RGD-peptides and folate with '*F-ArBF;s in the following chapters.

6.1 Introduction

6.1.1 Click chemistry

There are hundreds of reactions routinely used in synthetic labs to prepare target
molecules. Usually, these reactions fall into two categories: 1) formation of C-C bonds,
and 2) construction of C-X bonds where X signifies a heteroatom such as oxygen,
nitrogen, and sulphur.”>’ To prepare C-C bonds, traditionally, one might contemplate the
aldol addition/condensation reactions, reactions involving organometallic compounds
such as Grignard reagents and zinc or lithium reagents, the Wittig reaction, the
Diels-Alder reaction, olefin metathesis, and transition-metal catalyzed cross-coupling
reactions such as the Suzuki, the Stille, and the Heck reactions etc. To form C-X bonds,
reactions frequently used include the nucleophilic substitution, carbonyl related reactions
such as the formation of amides, oximes, and hydrazones, cycloaddition reactions such as

hetero-Diels-Alder reactions involving heterodiene or dienophile and/or 1,3-dipolar
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cycloaddition reactions, and reactions on multiple C-C bonds such as oxidation of olefins
and electrophilic addition reactions, etc. Although there is such an enormous repertoire of
reactions for conjugation, in order to match the capability of making compounds
efficiently with regio- and chemoselectivity, a new term “click chemistry” was
introduced to the field by Sharpless and co-workers in 2001.%® According to that paper,
click chemistry requires that the reaction be “modular”, “wide in scope”, “giving very
high yields”, “stereospecific’, under “simple reaction conditions” (air and water
insensitive), with “readily available starting materials and reagents”, the “use of no
solvent or a solvent that is benign or easily removable” (preferable for water and low
boiling point solvents), only generating “inoffensive byproducts” in the reaction as well
as affording “simple product isolation”, and last but not least that the product must be
physiologically stable. Among the reactions mentioned earlier, which might satisfy the
requirements of click chemistry, four are frequently regarded as members of the click
chemistry family.?

A. Non-aldol type carbonyl chemistry, including the formation of oxime ethers, and
hydrazones.

B. Nucleophilic ring-opening reactions of highly strained heterocyclic electrophiles,
especially three membered ring heterocycles as epoxides and aziridines.

C. Addition reactions to carbon-carbon multiple bonds, such as the Michael addition and
thiol-ene reactions.

D. Cycloaddition reactions, e.g. (hetero-) Diels-Alder reactions and 1,3-dipolar

cycloadditions.

Whereas each reaction has various advantages and drawbacks, the Huisgen 1,3-dipolar
cycloaddition®® has received the most attention. Ever since the Sharpless lab*®' and the
Meldal group®® each reported the copper (I) catalyzed 1,3-dipolar cycloaddition nearly
simultaneously, this modified 1,3-dipolar cycloaddition has been widely explored by

virtue of high regio/chemoselectivity and efficiency.

The traditional Huisgen 1,3-dipolar cycloaddition (uncatalyzed) always proceeds to
give two regioisomers as shown in reaction (A) of Figure 6.1, Although a great deal of

effort has been directed toward controlling the regioselectivity of the standard Huisgen
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1,3-dipolar cycloaddition such as by introducing sterically bulky substituents to the
substrates to force the reaction to favor certain regioisomers,”® both the copper(I) and
ruthenium(Il) catalyzed 1,3-dipolar cycloadditions have been predominantly used to
prepare regioselective products with high efficiency. The ruthenium catalyzed reactions
selectively yield 1,5-disubstituted-1,2,3-triazole regioisomers with both the terminal and
internal alkynes as the alkyne substrates as illustrated in Figure 6.1C.***?% The copper(I)
catalyzed alkyne-azide cycloaddition as indicated in Figure 6.1B, which regioselectively
affords 1,4-disubstituted products, holds many advantageous properties, which have led
to its prosperity for nearly a decade in fields of medicinal chemistry,”

radiopharmaceutical chemistry,”®® and polymer and material science,?*’>%

involving
small molecules such as short peptides, oligonucleotides, and carbohydrates as well as

large biomolecules such as proteins, virus surfaces, nucleic acids, lipids, and other

macromolecules.?’*%"
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Figure 6.1 The 1,3-dipolar cycloadditions.

(A) The conventional Huisgen 1,3-dipolar cycloaddition at elevated temperatures. The reaction always
yields both 1,4- and 1,5-disubstituted-1,2,3-triazole regioisomers with a ratio around 1:1; (B) The copper(I)
catalyzed 1,3-dipolar cycloaddition. The reaction can proceed at room temperature as well as in aqueous
cosolvents but yield only 1,4-disubstituted-1,2,3-triazole products regioselectively; (C) The ruthenium
catalyzed 1,3-dipolar cycloaddition. The reaction yields only 1,5-disubstituted-1,2,3-triazole products
regioselectively and it can also be applied to the internal alkyne species.

As shown in Figure 6.1B, with copper(I) catalysis, the reaction results in a single
product, the regioselective 1,4-disubstituted-1,2,3-triazole linkage, which not only
somewhat resembles a natural amide bond but is also inert to most other reaction
conditions. Moreover, this reaction is very simple and robust as it is insensitive to both
oxygen and water. As a matter of fact, water is one of the ideal solvents for this reaction.
Furthermore, the starting materials are relatively easy to obtain. The terminal alkynes can

be ecasily synthesized by simple methods such as elimination reactions from
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2 . 274
7 the Corey-Fuchs reaction,”’

1,1-dihaloalkanes, 1,2-dihaloalkanes or 1-bromoalkenes,
and reaction using Ohira-Bestmann reagents’”> as well as derivatization with
commercially available alkynes such as propargylamine. The azido compounds can be
simply obtained via an azide-halide replacement or by copper(Il) catalyzed diazo transfer
to amines using TfN3.>’® There is also a wide scope of commercially available copper(I)
compounds, whereas copper(I) can also be generated in situ via the reduction of
copper(Il) with ascorbate or other reducing agents. The reaction conditions are quite
versatile from pH 4 to 12,%%! although most work has been done at neutral pH. It has also
been found that increased temperatures can speed up this reaction to some point but this
may also introduce competition from the conventional thermal Huisgen cycloaddition,
while most examples of the copper(I) catalyzed reactions have been reported at or near
room temperature. Efforts have been made to develop non-classic reaction conditions for
this reaction as well; it is reported that microwave heating, continuous flow processing or
different reaction media such as ionic liquids can further accelerate the copper(l)

catalyzed 1,3-dipolar cycloaddition.””’

The reaction is very orthogonal to various
functional groups yet quite specific to azido and terminal alkynyl groups.”®' In addition,
1,4-disubstituted-1,2,3-triazoles, which are both thermally and hydrolytically stable, have

been found to have additional applications in pharmaceutical fields,”* **’

and they have
also been used as novel metal chelating ligands.”’® *”° All these features make the
copper(I) catalyzed cycloadditions nearly synonymous with “click chemistry” nowadays

and the “cream of the crop™ in terms of a bio-orthogonal reaction.”* *”°

In their original report, Sharpless and co-workers proposed a reaction mechanism

261
2.

shown in Figure 6. Later the mechanism was further supported by a density

functional theory computation study.**

As shown in Figure 6.2, copper(l) first inserts
into the terminal alkyne to form a copper-acetylide intermediate. The copper(I), bound to
the intermediate, subsequently binds to the azide nitrogen proximal to the carbon. The far
end nitrogen of the azide reacts with the C-2 carbon of the acetylide to form a rare
copper(I1l) six-membered metallacycle intermediate. Then, the metallocycle intermediate
rearranges to form the triazolyl-copper complex. Following protonolysis, the

1,4-disubstituted-1,2,3-triazole is released and the catalyst is regenerated.
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Figure 6.2 The proposed mechanism of the copper(I)-catalyzed alkyne-azide dipolar cycloaddition by
Sharpless et al.?é" 2%

Cr oCo
: X 1
: N R TR
! R O :

Cyclooctynes

R—=N-0 R-< o]
Norbornenes R'
R

R = o) R" R N
QO R Ny N N
ii ~ o N +

| 1 N N™ R

/ R "
iy b R R

oxanorbornadienes

N=N
Rll4<\ />7RI R'
R N-N R-L N\
iv B ,N
—N
Norbornenes R"

Scheme 6.1 Examples of some copper-free cycloaddition reactions.
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Although the copper(l) catalyzed 1,3-dipolar cycloaddition proceeds with very high
efficiency and regioselectivity, the toxicity of copper may limit the application of the
copper(l) catalyzed dipolar cycloaddition in living systems. Efforts have been made to
develop non-toxic and biocompatible copper-based catalysts as well as to explore
non-copper catalyzed click reactions. From a series of screening experiments on a group
of tristriazole ligands, Wu and co-workers found the copper complex with a
bis(tert-butyltriazolyl) triazolylethylene sulfonate ligand (BTTES) can promote the
cycloaddition rapidly without apparent toxicity to living cells.”*' On the other hand,
several groups have reported the copper-free click reactions using the high ring strains as
summarized in Scheme 6.1. The Bertozzi lab has pioneered various copper-free click

reactions. 28> 284

By taking advantage of the high ring strain of cyclooctynes, the
activation energy barrier is lowered for the alkyne-azide [2+3] cycloaddition, and as a
result the reaction can proceed rapidly in the absence of copper(I) or other metal
catalysts.”®® Furthermore, the same group tried to perturb the electronic properties of the
cyclooctyne by introducing fluorine atoms at the propargylic position”™ or by further

284 Both modifications

increasing the ring strain through the use of dibenzo-cyclooctynes.
dramatically accelerate the rate of the cycloaddition and can be directly applied in living
systems. In 2010, a cyclooctyne-based click reaction was reported by Boons and
colleagues using a nitrone dipole to enhanced rate compared to azide dipoles.”® However,
the preparation of these cyclooctynes poses synthetic challenges, which require multiple
steps and almost always give poor overall yields. To avoid both copper(I) as the catalyst
and the complicated synthesis of cyclooctynes, several groups have been making use of
norbornenes, which feature high ring strain attributed to the bicyclic nature and the small

. . 286-289
ring size.

To these ends, Rutjets and co-workers first treated alkynes with furan via
a Diels-Alder reaction to form oxanorbornadienes, which then react rapidly with organic
azides, and the product then undergoes a retro-Diels-Alder reaction to afford the
1,2,3-triazole products.”®® ?* This reaction was found to be relatively slow compared
with the reaction using cyclooctynes.”’ Another copper-free click reaction was reported
to employ the 1,3-dipolar cycloaddition of nitrile oxide and norbornene.”® Prior to the
cycloaddition, the nitrile oxides were prepared in situ from the elimination of the

hydroximoyl chloride under basic conditions. The reaction proceeds under neutral or
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slightly basic aqueous/aqueous cosolvent conditions with a high reaction rate at room
temperature. It is worth mentioning that the Diels-Alder reaction between tetrazines and
norbornenes developed by the Jischke lab was found very useful to modify DNAs
post-synthetically with high efficiency at low reactant concentrations.”® Despite the
development of various 1,3-dipolar cycloadditions based on alkynes and azides, the
copper(l) catalyzed 1,3-dipolar cycloaddition is still of major interest and has been
applied for numerous objectives. In the following section, its application in

radiopharmaceutical chemistry will be reviewed.

6.1.2 The copper(I) catalyzed 1,3-dipolar cycloaddition applied in

radiopharmaceutical chemistry

For radiochemistry, it is desirable to introduce radioisotopes in the last step of the
whole synthesis. Often however, this is not readily accomplished, especially for
non-metallic radioisotopes. For many radiosyntheses, sensitive functional groups are
almost always protected prior to the radiolabeling step, and after the introduction of the
radioisotope, further steps are employed to remove these protecting groups. Take the
radiosynthesis of '*F-FDG for example. No matter which method is followed, the
hydroxyl groups are all protected with acetyl groups before the introduction of
'E_fluorine, such that HCI treatment is needed to remove the acetyl groups to yield the
desired product, BE_FDG, afterwards. In addition, most biomolecules cannot survive the
harsh radiolabeling conditions such as high temperatures, non-aqueous solvents, and
strongly basic/acidic conditions. Therefore, as alternatives, radioactive prosthetic
precursors are usually prepared first, and then incorporated into biomolecules under more
mild conditions. This generally requires a multi-step radiosynthesis, which is very
time-consuming. Most importantly, due to the short half-lives of the radioisotopes, the
amount of the final radiolabeled product is consequently reduced at the end of the
synthesis. Hence, radiochemists have generally favored reactions between the prosthetic
groups and biomolecules to be fast, robust, and both chemoselective and regioselective in
order to enhance the radiochemical yields and purity of the products and to compensate
for the short half-lives of the radioisotopes. With the properties mentioned earlier, click

chemistry opens a door for radiopharmaceutical chemistry and speeds up the
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development of new radiolabeling techniques as well as exploration of new radiolabeled
compounds. In addition to the frequently used reactions including the thiol-maleimide

290 291, 292 293
’ the

reaction,””” oxime ether formation, and thiol-haloacetamide substitution,
radiolabeling field have benefited a lot from the copper(I) catalyzed alkyne-azide dipolar
cycloaddition, which is regioselective, bioorthogonal, rapid, and high yielding.®®

The first application of the copper(l) catalyzed alkyne-azide dipolar cycloaddition in

2% In this work,

radiopharmaceutical chemistry was carried out by Marik and Sutcliffe.
they prepared the w-'*F-fluoroalkyne from the tosylate derivatized alkyne and purified it
by simple co-distillation with acetonitrile. The distilled synthon was then reacted with
several azidopeptides in the presence of CuSO4 and sodium ascorbate to provide the
desired "*F-labeled peptides in about 10 minutes with good-to-excellent yields of 54-99%
and excellent radiochemical purity of 81-99%. Shortly thereafter, Glaser et al. reported
the application of click labeling reactions between 2-'*F-fluoroethylazide and various

terminal alkyne substrates.”> 2-'*

F-Fluoroethylazide was also obtained via replacement
of 2-azidoethyl-4-toluenesulfonate with '*F-fluoride. All of the alkyne substrates tested
therein gave very good yields in the presence of either copper(Il)/ascorbate or copper
wire in pH 6.0 phosphate buffer within 15 minutes. A one-pot two-step synthesis
involving the copper(l) catalyzed 1,3-dipolar cycloaddition for '*F-labeled compounds
was also reported.””® The '®F-prosthetic alkyne was first prepared via a standard
substitution reaction at 100 °C for 20 minutes, and the reaction mixture, after cooling to
room temperature, was directly subjected to click reaction conditions in the presence of
several organoazides and CuSOs/sodium ascorbate for 5 to 10 minutes. This one-pot
two-step synthesis required no interim purification and gave an impressive overall
radiochemical yield of ~ 90%. Later, a novel nonvolatile '®F-azido synthon,
1-azidomethyl-4-'"*F- fluorobenzene, was developed for the clickable labeling strategy by
the Thonon lab.**’ The '®F-azido synthon, which was prepared from
4-formyl-N,N’,N "-trimethyl-anilinium triflate via four steps within 75 minutes, was
coupled to the model alkynyl peptide in the presence of copper(I) iodide and an organic
base to give moderate-to-good chemical and radiochemical yields. The microPET
imaging work of tumor expressing integrin a3 with '*F-labeled RGD prepared via click

chemistry was reported in the same year.””® The '*F-labeled RGD dimer was obtained
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from the '*F-fluoroalkyne and the azido-peptide and purified by semi-preparative HPLC.
It was found that the triazole group introduced during the click reaction has little
influence on the integrin binding affinity of RGD-peptides, and the '*F-product shows
very good tumor targeting efficacy and comparable in vivo stability to the '*F-RGD
compounds obtained from other methods. The radiosynthesis itself was quite
straightforward to give a decay corrected radiochemical yield of 53.8% in 110 minutes,
which provides a shorter synthesis time and a higher labeling yield than that using the
N-succinimidyl-'*F-benzoate  precursors. The copper(I) catalyzed 1,3-dipolar
cycloaddition was also employed to synthesize '*F-labeled neurotensin (8-13) with a
radiochemical yield of 66% in 20 minutes.”” The '*F-labeled peptide A20FMDV2?,
selectively binding to integrin oyfBs, Was prepared via a similar method to image
ayPe-expressing tumors.*” Isatin sulfonamide was also derivatized with the '*F-labeled
triazole to study the caspase 3/7 activation and apoptosis in vivo.””' Folic acid was
labeled using the click radiosynthesis to target folate receptors overexpressed in

302

tumors.” - Furthermore, this conjugation strategy has also been applied to prepare

'8F_labeled nanoparticles in a rapid and high efficient fashion.*”

Although the method is mainly reported for '*F-labeled compounds, click chemistry
has also been employed to prepare ''C-labeled compounds. In one report, ''C-CH3N; was
first prepared from ''C-CHsI and then reacted with an alkyne derivatized Tyr’-octreotate®
in the presence of copper(I) with a decay corrected radiochemical yield of ~ 35% after a
synthesis of 30 minutes.*® A one-pot labeling approach to mix the peptide, NaNs,
copper(I), and ''CH;I was also reported in the same work and the radiochemical yield

was as low as 5%.

Although the copper(I) catalyzed click coupling is always reported in high yields and
with very good substrate compatibility, it has been found that the yields might depend on

300 1 addition, some

the size and complexity of the molecules selected for labeling.
reports suggest there has been no loss of bioactivity due to the introduction of the triazole

residue, but altered binding affinity and biodistribution of the labeled molecules via this

* The sequence for A20FMDV?2 is NAVPNLRGDLQVLAQKVART.
> Tyr’-octreotate is a water soluble peptide used as a tumor imaging agent. It has a sequence of
D-Glu-D-Tyr-[Cys-Tyr-Trp-Lys-Thr-Cys]-Thr.
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method has also been observed.””® Nonetheless, the method has indeed drawn a great
deal of attention in the field and become more and more useful for the development of

new imaging compounds.
6.1.3 Imaging oligonucleotides

Oligonucleotides, because of their sequence-specific interactions, can specifically
recognize other oligonucleotides or part of a gene sequence. The specific recognition of
oligonucleotide is the basis by which ribozymes, short interfering RNAs (siRNAs), DNA

7 can be explored for

microarrays,”” and antisense oligonucleotides®®
analysis/detection®” and gene therapies.’”*'° If the target gene sequence is known, a
short complementary sequence of oligonucleotide can be designed and synthesized via
solid phase synthesis to target a gene of interest. In addition, it has also been found that
some nucleic acids can fold into complex three dimensional structures, which allow for
molecular interactions with a wide range of biomolecules such as proteins. These nucleic
acids are normally referred to aptamers.”'''* Like various antibodies and peptides,
aptamers with certain three-dimensional structures can specifically recognize and tightly
bind to various molecular targets such as membrane proteins, enzymes, viruses, bacteria,
and cells.”’> On the other hand, the recent development of in vitro technologies allows
researchers to amplify oligonucleotides via polymerase chain reaction (PCR), and screen
them for certain functions and properties by a selection method called “systematic
evolution of ligands by exponential enrichment” (SELEX).*'> *'° In spite of various
promising targeting properties and potential applications in many fields, oligonucleotides
are relatively susceptible to rapid degradation in vivo, mainly due to cleavage by
nucleases, which are very abundant in most of the tissues and organs as well as in the
blood. Meanwhile, oligonucleotides usually exhibit poor cell membrane permeability
because of their polyanionic nature and large molecular sizes. An extensive amount of
work has been done to improve the in vivo stability and develop the target delivery of
oligonucleotides, which includes modified nucleotides®'” for higher in vivo stability and

polycationic carriers such as liposomes®'® for better cell uptake.

Considerable efforts have been made to apply oligonucleotides in a variety of uses.

Although the gene-targeted therapies with nucleic acids might one day revolutionize
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399 additional data are needed for their in vivo performance regarding

cancer treatment,
target specificity, sensitivity, and drug efficacy before using the nucleic acids to treat
diseases. Fortunately, with the improvement of various in vivo visualization technologies,
direct in vivo evaluation is now available to characterize oligonucleotide drugs’ in vivo
stability, pharmacokinetics/dynamics, specific targeting ability, and potential therapeutic
efficacy. By labeling promising oligonucleotide candidate drugs obtained from in vitro
selections or from target design with reporting groups® such as fluorophores and/or
radionuclides for in vivo imaging, better understanding of the oligonucleotides’ in vivo
performance can be achieved, which in turn will provide essential information for

therapy and diagnosis based on the oligonucleo‘[ides.319'321

Hnatowich and colleagues used a DNA duplex with one strand of antisense
phosphorothioate® DNA bearing a fluorescent emitter while the other strand carrying an

effective inhibitor for antisense targeting to image tumor in mice.**

Only the antisense
oligonucleotide derivatized with the fluorescent emitter Cy5.5 bound to the RNA in the
tumor cells and provided high fluorescent intensity, which suggested the dissociation of
the duplex and the subsequent hybridization with the target mRNA both in vitro and in
vivo. This work provided promising preliminary results regarding specific recognition of
mRNA, and exhibited a relatively high signal-to-noise ratio. A recent report also
described the imaging work using a Cy5 fluorescent labeled aptamer TDOS, which was
derived from cell-SELEX.** The in vivo imaging work targeting B-cell lymphoma
showed that the aptamer could effectively recognize the tumor specifically with high
sensitivity. This work represents the first reported case of aptamers screened from
SELEX experiments for use in in vivo studies, and establishes the efficacy of the

fluorescent aptamers for in vivo diagnosis while also providing important data to support

the in vivo application of aptamers.

Besides these optical imaging methods, radionuclear imaging technologies can provide
high sensitivity and extraordinary resolution. However, compared with other bioligands,

there are far fewer reports available for radiolabeled oligonucleotides as in vivo

* Reporting groups here stand for the groups that can release any signals, which can be detected by certain
instruments to record the traveling trajectory and localization of the molecules containing these groups.
" Phosphorothioate oligonucleotides are frequently used to improve the stability of oligonucleotides.
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therapeutic drugs and diagnostic agents.’" It is believed that the low in vivo stability,
poor bioavailability, and “non-specific” interactions are the major factors that limit the

319, 324
’ Nevertheless,

radiopharmaceutical applications of radiolabeled oligonucleotides.
there has been considerable interest in radiolabeling oligonucleotides, which continues to

provide promising results to recommend oligonucleotides as specific targeting drugs.

Kobori et al. reported a ''C-labeling study on an antisense phosphorothioate
oligodeoxynucleotide to target the mRNA of glial fibrillary acidic protein,®* which was
abnormally expressed in glioma tumors. In their work, they first annealed a
5’-aminohexyl phosphothioate oligonucleotide to a complementary 5 ’-biotinylated
phosphodiester oligodeoxynucleotide, which can be immobilized with BioMag
Streptavidin® before labeling. The double stranded construct was then incubated with
''C-ethylketene, which was prepared from ''C-CO,, for 5 minutes at room temperature.
When the BioMag beads carrying the complex of biotin-avidin with the double stranded
oligonucleotides were incubated at the elevated temperature, the ''C-labeled single
stranded oligodeoxynucleotide with a specific activity of about 5 Ci/umol was released.
The tracer was then formulated and intravenously injected into rats bearing gliomas that
had been implanted in the cerebrum. The rats’ brains were removed 40 minutes after the
injection and the autoradiographic images showed that the radioactivity in the tumor

tissues was much stronger than the peripheral normal cerebral cortex.

Kobayashi and co-workers addressed the delivery issue of oligonucleotides.**’ They
used the polycationic nature of both avidin (Av) and the generation 4 polyamidoamine

dendrimer (G4) as the oligonucleotide delivery vehicle. They labeled several 20-mer

111

multiamino-linked antisense oligonucleotides to target the c-erbB-2 sequence with = 'In

via a diethylenetriaminepentaacetic acid chelator. Both the '

In-labeled oligonucleotides
and the dendrimer G4 studied therein were biotinylated to give '''In-oligo-Bt and G4-Bt
respectively. Via the electrostatic interactions between the dendrimer and oligonucleotide
and/or the specific binding between avidin and biotin, three vehicle pretreated
"'n-labeled oligonucleotides ('''In-oligo/G4, '''In-oligo-biotin/avidin, '''In-oligo/G4-

biotin/avidin) were studied for the internalization in vitro and in vivo in human ovarian

* BioMag Streptavidin is composed of streptoavidin conjugated to 1 pwm magnetic Fe;O,. The dissociation
constant of biotin-streptavidin Kp= 10" M and the complex’s dissociation half-life is ~ 89 days.**°
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cancer cells (SHIN3 cancer cells). It was found that the '

In-labeled oligonucleotide with
these delivery vehicles could effectively enter tumor cells by non-sequence-specific
targeting. It was expected that these delivery vectors could be applied to other

oligonucleotides.

Several ®Ga-labeled 17-mer antisense oligonucleotides, from 2 -deoxyphosphodiester,
2’-deoxyphosphorothioate or 2’-O-methyl phosphodiester with the same sequences
targeting the activated human K-ras oncogene, were evaluated for their in vivo
biodistribution and biokinetics.”*® The oligonucleotides were successfully labeled via
%Ga chelation with 1,4,7,12-tetraazacyclododecane (DOTA), and the **Ga-labeled
oligonucleotides provided very high PET image quality. It also was found that the

modification of the oligonucleotide backbone could influence their biokinetics.

Bertrand et al. reported a general method to label antisense oligonucleotides with
radioactive halogens.””  Briefly, ~N-(4-halogenobenzyl)-2-bromoacetamides ~ were
prepared and then incubated with 3 -phosphothioate oligonucleotides in PBS buffer (pH
8) at 120 °C for 10 minutes. The BF_ 7°Br-, and '®I-labeled oligonucleotides were
injected into mice. However, no intact oligonucleotides were detected one hour after
injection, which might be mainly due to the vulnerability of the natural backbone of the

oligonucleotides against serum nucleases.

Whereas the coupling of an oligonucleotide with a radiolabeled bromoacetamide
requires high temperatures e.g. 80 to 120 °C, such conditions can be quite harsh for
oligonucleotides. Hence several groups have worked on a different coupling strategy
involving N-succinimidyl-4-['*F]fluorobenzoate (‘*F-SFB) at room temperature to the 3 -
or 5’-alkylamine modified oligonucleotides. The radiosynthesis was first applied to
radiolabel several G-rich oligonucleotides (GROs),”***" including aptamer AS1411 with
antiproliferative effects against cancer cell growth via binding to the nucleolin®
protein.>’ A double-stranded siRNA was also conjugated with '*F-SFB.*** Then the
®F_labeled siRNA (‘*F-siRNA) was mixed with a liposome to form the

"F_siRNA/liposome complex. Both the '*F-siRNA and the *F-siRNA/liposome complex

* Nucleolin is a protein playing critical role in cell proliferation, growth as well as some other functions in
cells.**
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were injected into mice for biodistribution studies. It was found that dramatically
different biodistributions were observed. The '*F-siRNA cleared rapidly and was quickly
excreted into urine while the '*F-siRNA/liposome complex accumulated in the lung. The
serum stability study suggested that the '*F-siRNA/liposome complex had a high serum
stability but '®F-siRNA was rapidly degraded in serum due to abundant nucleases. This
work highlighted that the delivery vehicle might not only facilitate the oligonucleotide
delivery to the target but also play important roles in increasing the in vivo stability of
oligonucleotides through the formation of such liposome complexes. This clearly sheds
some light on the development of siRNA drugs. In addition, all the radiolabeling work
using '®F-SFB as the prosthetic group showed relatively clean syntheses with only some

decomposition of '"*F-SFB under the buffered conditions.”

The copper(l) catalyzed azide alkyne 1,3-dipolar cycloaddition has also showed good
potential for modifying oligonucleotides.”’> *** A 2-'®F-labeled pyridinyl alkyne was
clicked onto an antisense oligonucleotide with an azido residue by Inkster ef al. with a
decay corrected radiochemical yield of 25% at 75 °C for 15 minutes.*** Since there was
an HPLC purification step for the prosthetic group 2-'°F-labeled pyridinyl alkyne, the

total radiosynthesis time was 276 minutes.

Overall, radiolabeling oligonucleotides for in vivo imaging is an important goal, since
there are a wide variety of targets available for these biomolecules. Techniques that
enable rapid and reproducible labeling of oligonucleotides could provide valuable
information in terms of in vivo stability, biodistribution, pharmacokinetics, efficacy, and
target specificity. Imaging techniques in combination with drug delivery strategies can
hence highly facilitate and accelerate the investigation of oligonucleotide drugs and

potential radiopharmaceuticals.

6.1.4 Radiolabeling oligonucleotides with '*F-ArBF;s via the copper(l)
catalyzed 1,3-dipolar cycloaddition

The conditions for preparing '*F-ArBFss in this thesis have generally been very acidic
(pH < 1), and many midsize and large biomolecules are unlikely to survive at this pH; for

instance, proteins become denatured,”® and DNA and RNA are susceptible to
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depurination.”” *** To expand and generalize the application of the labeling technique
using '®F-ArBFss to label acid-labile biomolecules, we pursued a one-pot two-step
labeling strategy. Since copper(I) catalyzed 1,3-dipolar cycloaddition carries so many
attractive advantages, especially its orthogonal property to various functional groups and

. . .. 261
mild reaction conditions, 6

it is proposed that the marriage between the copper(I)
catalyzed 1,3-dipolar cycloaddition and the '®*F-ArBF; labeling can be extremely useful

to label acid-labile biomolecules.
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Scheme 6.2 The scheme of the one-pot two-step method to label biomolecules with an '*F-ArBF; via
the copper(I) catalyzed alkyne-azide cycloaddition.

In 2006, Molander and Ham reported the first 1,3-dipolar cycloaddition involving
organotrifluoroborates catalyzed by copper(I).*** They were able to develop a facile
one-pot synthesis using haloalkyltrifluoroborates as the starting materials for several
organo-triazolyl-trifluoroborates. In 2009, fluoride was reported to protect boronic acid
for the copper(I) catalyzed click reaction by Wang and co-workers,”* where two
equivalents of fluoride were added to the click reaction prior to the addition of the
copper(I) catalyst and the reaction showed a very good conversion. However, only
arylboronic acids with slightly electron donating substituents on the aromatic ring were
studied in both reports.” *** In our group, both Dr. Harwig® and I have tested the
copper(l) catalyzed click reaction with ArBFss carrying electron withdrawing groups.
The reactions monitored with '’F NMR spectroscopy showed very good conversions
(data not shown) and suggested excellent stability of ArBFss in the presence of copper(]),

which is known to insert into the C-B bond of organoboronic acids. Hence, we were

* Dr. Curtis Harwig was a post-doc in our lab from 2007-2009.
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encouraged to pursue this method for a one-pot two-step labeling strategy to introduce
ArBFss to biomolecules. Scheme 6.2 briefly illustrates the strategy with a fluoridation to
provide '*F-alkynylaryltrifluoroborate 6.2 (alkynyl-'*F-ArBFs), which is subsequently

subjected to a click reaction to conjugate the azide-derivatized biomolecules.

In this chapter, the one-pot two-step labeling method via the copper(l) catalyzed
alkyne-azide cycloaddition will be applied to label oligonucleotides as a proof of concept
that should be generalizable to labeling acid-labile molecules with '*F-ArBFis.
Derivatization at the 5 ’-terminus of oligonucleotides generally does not compromise their
bioactivity including the binding affinity. It is therefore expected that this labeling
method should be of general utility to label oligonucleotides generated for most

purposes.

Generally, we first synthesized alkynylarylboronic acid 3.11 and labeled it with fluoride
("F or "F) to obtain alkynylArBFs 6.2, which was then directly added to a copper(I)
catalyzed click reaction to react with the azido derivatized oligonucleotides (5 -N3-ONs).
Two  oligonucleotides ON1 (5’-GCGTGCCrCGTCTGTT-3") and  ON2
(5’-GCGTGCCCGTCTGTT-3") are used in this chapter for the copper(I) catalyzed click
reaction with alkynes. ON1 has the same sequence as ON2, but contains a ribonucleotide
cytidine (rC) at the 8" nucleotide instead of deoxyribocytosine (dC) as found in ON2.
The oligonucleotides with 15 nucleotides, normally called 15mers, with no specific
biological functions, have been used for other purposes in the Perrin lab and were chosen
to study this labeling reaction. The relatively labile RNA linkage (the 2 ’-hydroxyl on the
cytidine of ON1) would enable us to determine whether or not the derivatization and the
click reaction would influence the integrity of oligonucleotides at least in the context of a
RNA linkage. Moreover, **P-labeling on the oligonucleotide is used herein to increase
the detection sensitivity for the reaction on small scale. The **P-labeled oligonucleotides
can be further radiolabeled with an '*F-ArBF; to give the double isotopic labeling, which
can provide distinguishable properties (different decay rates for *°P and '°F) to
understand the reaction conditions. Therefore, azido-oligonucleotides (5’-N3->"*?P-ONi)
were prepared by a simply coupling reaction with the 5’->'*?P-ONs. The copper(I)

catalyzed click reaction with the 5’->"**P-ON’s will be described herein.
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6.2 Results

6.2.1 The derivatization of oligonucleotides

As shown in Scheme 6.3, commercially synthesized oligonucleotides (ONs) were
directly 5’-phosphorylated in a PNK reaction with nearly quantitative conversions and
the products were used directly without further purification save a simple desalting

procedure for the following derivatization. The 5’

P-ONs were precipitated with the
phase transferring reagent cetyltrimethyl ammonium bromide (CTAB) from the aqueous
medium by forming the CTA salts. The CTA salt of the 5-*'**P-ON was activated by
PPh;, DMAP, and (PyS), in DMSO at 70 °C for 0.5 hours, and then treated with
azido-PEG-amine 6.1 via a nucleophilic replacement at room temperature in the aqueous
solution for one hour.**" ** Because azides can be reduced by PPh; through the
Staudinger reaction,’® the activating agent in the first step was thoroughly removed by
the precipitation of the activated 5’->"**P-ON with LiClO4/acetone prior to the addition

of azido-PEG-amine 6.1 for the coupling reaction.

1) ATP, y-32P-ATP,
PNK

5-+o—GNID -2.C128 .5 Ns/\/o\/\o/\/n\ﬁ“’%
3) PPh;, DMAP, - _-
(PYS);, DMSO
70°C, 0.5 hr. 5'N;-*"%2P-ONx
4)6.1, H,0
rt, 1 hr.

5-HO-ONx

5 6.1
‘ _: ON1 5-GCG TGC CrCG TCT GTT-3'
E ON2 5-GCGTGCCCG TCTGTT-3

Scheme 6.3 The scheme of the oligonucleotide derivatization.**'

ONXx is the oligonucleotide ON1 or ON2. The sequences for the 5’-HO-ONx are shown in the scheme.
(5’-HO-GCG TGC CrCG TCT GTT-3’ for 5-HO-ON1 and 5-HO-GCG TGC CCG TCT GTT-3’ for
5’-HO-ON2). rC indicates a ribocytosine.

Nevertheless, the derivatization of oligonucleotides 5 3182p_ ON1 and 5 ’—31/32P—ON2,
of the same sequence, showed different results as indicated in Figure 6.3. Following

activation for bioconjugation, both oligonucleotides yielded new bands in the PAGE gel.
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The coupling reaction with 5°-*"*?P-ON1 gave several additional byproducts while that
with 5°-*'*?P-ON2 demonstrated a much cleaner synthesis. The major bands are
indicated with A, B, C and D in the gel image presented in Figure 6.3. For the
derivatization of 5’-*'**P-ON2 in Lane 3 of Figure 6.3, two bands were separated via the
20% polyacrylamide gel electrophoresis (PAGE). One of the bands is the unreacted
5°3132p_ON2 (band D) and the other, designated as the band C, is the

3132p_ON2). In contrast, for the derivatization of

azido-oligonucleotide product (5°-N3-
5°3152p_ON1, the situation is much more complicated as indicated on the gel image.
There are several newly produced bands including the one representing the desired
product. When compared with the derivatization of 5’-> 132p_ON2, Band C in Lane 2 of
the 5’->'*?P-ON1 derivatization should be the desired product (5 "-N;->"*?P-ON1), since
it migrated very similarly to that of 5’-N3->"**P-ON2 in the PAGE gel. A MALDI-TOF
analysis of the gel-purified oligonucleotide corresponding to Band C in Lane 2 further
confirmed that Band C corresponds to the desired product. In addition, the

344
d

EDC/imidazole coupling metho was also attempted for the derivatization purpose,

but the result was far less effective than Knorre’s protocol.**!

1 2 3
| — -t A
;- - ° /\/O\/\ H (||)31/32
== ST
(@]

5'-N5-31/32p.ONx

D - 931/32
50— D
o}
5-31/32p_oNx

Figure 6.3 The autoradiographic gel image of the derivatization of 5’-*"**P-ON.

Lane 1 is 5-""*?P-ON2, Lane 2 is the derivatization to prepare 5’-N;->"*?P-ON1 and Lane 3 is the
derivatization to prepare 5-N;-*"*?P-ON2. Band D is the precursor 5-°"*’P-ONx and Band C is the
desired derivatized product 5-N;->"*?P-ONx. Bands A and B are unknown byproducts from the
derivatization. Oligonucleotides were resolved in 20% PAGE (33 cm x 42 cm).
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6.2.2 Synthesis of alkynes

While the azido-oligonucleotides were prepared successfully and purified by the PAGE,
we also synthesized several alkynes with different properties to guide us in understanding
the click chemistry between the oligonucleotides and alkynylArBF; 6.2. All the terminal
alkynes were synthesized from a simple coupling reaction using EDC/HOBL as indicated
in Scheme 6.4. Alkynylcoumarin 6.4 was prepared to provide a highly hydrophobic and
fluorescent synthon, which after the incorporation into the oligonucleotides via click
chemistry, not only retards the mobility of the oligonucleotides on the PAGE gel but also
gives fluorescent signals to confirm the success of the conjugation. 3,5-Difluoro-
N-(prop-2-yn-1-yl)benzamide 6.5 was also synthesized to provide an electrophoretic
standard that would represent possible deboronation products of alkynylArBF; 6.2 or
alkynylarylboronic acid 3.11 during the click reaction. Alkynylarylboronic acid 3.11 was
prepared as described in Chapter 3. Briefly, arylboronic acid 3.8 was first protected with
1,8-diaminonaphthalene and then coupled with propargylamine in the presence of
EDC/HOBt to afford 3.10. The protecting group on 3.10 was then removed under acidic

aqueous conditions to give the desired alkynylarylboronic acid 3.11.
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Scheme 6.4 Synthetic scheme of alkynes.

(a), KHF,, THF/H,O0, rt, 5 hr, quant; (b) diethyl malonate, piperidine, EtOH, reflux, N,, 4 hr, 36%; (c),
NaOH, MeOH, H,0, reflux, 1 hr, 71%; (d) propargylamine, EDC-HCl, HOBt-H,O, NEt;, CH,Cl,, rt,
overnight, 94%; (e), propargylamine, EDC-HCl, HOBt-H,0O, NEt;, CH,Cl,, rt, overnight, 90%.
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Figure 6.4 The HPLC chromatograms at 229 nm of alkynylArBF; 6.2 (black) and the fluoridation of
alkynylarylboronic acid 3.11 (red).

The black trace is the HPLC chromatogram of alkynylArBF; 6.2 in its DMSO stock solution at 229 nm;
the red trace is that of the crude fluoridation of alkynylarylboronic acid 3.11 at 229 nm. The final
concentrations for the fluoridation: 15.4 mM of alkynylarylboronic acid 3.11, 0.95 M of HCI, and 76.9 mM
of "F-fluoride in the form of KHF,, in 6.5 puL of 4:2.5 THF:H,0. The reaction was undertaken at rt for 32
min, and then quenched with 100 uL of 5% NH,OH/EtOH prior to the HPLC injection. The HPLC was
carried out using HPLC Program 15 with Column I in HPLC System I. The peak indicated with an arrow
was collected and characterized by ESI-MS ([M]: 262.3).

AlkynylArBF; 6.2 was prepared by the fluoridation of alkynylarylboronic acid 3.11 in
the presence of a large excess of fluoride under acidic conditions. A cold fluoridation
reaction to prepare alkynylArBF; 6.2, at a fluoride concentration that mimicked that used
in radiolabeling conditions, was also undertaken to identify the reaction conditions prior
to the '"F-labeling, and the reaction analyzed by HPLC is shown in Figure 6.4. In 30
minutes, the reaction gave the desired product in a reasonable yield. Since alkynylArBF;
6.2 has a relatively low extinction coefficient and because relatively small amounts were
prepared, no standard curve of the concentration-UV absorbance was obtained and the
conversion of the reaction was therefore not accurately determined. The product of the
crude reaction (the red HPLC trace) eluted at the same time as alkynylArBF; 6.2 (the
black HPLC trace) purified previously and characterized with both ""F/'H NMR
spectroscopy and ESI-MS spectrometry.

Alkynyl-"*F-ArBF; 6.2 was prepared under similar conditions. However, to avoid the
tremendous decrease in the specific activity of '*F-fluoride by the addition of carrier
fluoride, a small volume of a KHF, solution (containing about 800 to 1000 nmol of
PF-fluoride) was added to the “dry” "SE_fluoride. Then 2 pL of the '""F-fluoride
solution containing ~ 500 nmol of '’F-fluoride was added to the aqueous THF solution of

boronic acid 3.11 (100 nmol) and HCI (~ 6 pumol) to afford an acidic reaction mixture.
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According to the fluoridation study in Chapter 3, the reaction proceeded at room
temperature for 30 minutes, and was then quenched with 5% NH4OH in 50% aqueous
EtOH prior to the HPLC injection. The radio-HPLC trace shown in Figure 6.5 suggested
a radiochemical yield of 34% over a 37 minute reaction. The '*F-labeling reaction for
alkynyl-'*F-ArBF; 6.2 was repeated under the same conditions many times, and similar

results were obtained.
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Figure 6.5 A radio-HPLC chromatogram of the "*F-fluoridation of alkynylarylboronic acid 3.11.
Reaction conditions: 15.4 mM of alkynylarylboronic acid 3.11, 0.97 M of HCI*, '®F-fluoride containing
76.9 mM of "’F-fluoride (in the form of KHF,) in 6.5 pL of 4:2.5 THF:H,O was incubated at rt for 37 min.
The reaction was then quenched with 5% NH4OH in 50% aq EtOH. The radioactivity at the beginning of
the synthesis (BOS): 6.05 mCi. The RCY was 34% based on the radio-HPLC. The HPLC was carried out
via HPLC Program 7 with Column I in HPLC System IV.

6.2.3 Click reactions between 5’-N;-""**P-ONs and alkynes

Following the PAGE purification, 5-N3->"**P-ON1 (Band C of Lane 2 in Figure 6.3)

and 5°-N;3->"*?P-ON2 (Band C of Lane 3 in Figure 6.3) were coupled to specified alkynes

via the copper(I) catalyzed click reaction. Based on literature reports,>* %

Cu(II)-TBTA/sodium ascorbate was used as the catalyst, which has been reported to be
compatible with oligonucleotides. As shown in Figure 6.6, the 5°-N;->"*?P-ONs were
stable in the presence of Cu(Il)-TBTA/sodium ascorbate (data shown in Lanes 2 and 8)

31/32

while the click reactions between 5’-N3-""“P-ONs and alkynes produced new products

with different mobilities as visualized by PAGE-autoradiography. The reaction between

the highly hydrophobic alkynylcoumarin 6.4 and 5’-N;-*"?*

P-ONs gave fluorescent
products (Lanes 3 and 9) with the slowest mobility during electrophoresis, while the

reaction with the negatively charged alkynylArBF; 6.2 (Lanes 4, 5, 10 and 11) yielded

* The concentration of HCl in the reaction was not corrected for the consumption by neutralizing carbonate
eluted from the anion exchange column over the '*F-releasing process.
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products migrating the fastest among products of the click reactions with the
5°-N3->"*?P-ONs. The click reactions between the oligonucleotides and alkyne 6.5, which
was prepared as the reference compound for any deboronated product in order to provide
an electrophoretic reference of an oligonucleotide conjugated with a hypothetically
deboronated product, gave products that exhibit intermediate electrophoretic mobility
through the gel (Lanes 6 and 12). AlkynylArBF; 6.2 prepared at different times was
tested as a substrate in the click reaction. The click reactions with one stock solution of
alkynylArBF; 6.2 (Lanes 4 and 10), which had been stored at -20 °C for a long time, gave
the same oligonucleotide products as the reactions with freshly prepared 6.2 (Lanes 5 and
11), since all the newly produced oligonucleotides had the same mobility (Lanes 4 v.s. 5
for 5 ’—N3—31/32P—ON1 and Lanes 10 v.s. 11 for 5 ’—N3—31/32P—ON2). The 5 ’—N3—31/32P -ONs
ran the fastest in the polyacrylamide gel (Lanes 1 and 7). Although the relative mobility
of the oligonucleotide products suggested the copper(I) catalyzed click reactions
occurred successfully, further characterization via MALDI-TOF mass spectrometry
provided no useful information for the oligonucleotide products, and this was primarily
due to the low amount of oligonucleotides in the presence of high content of salts

following the elution.

-
- -
— -
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| 1 2 3 4 5 6 7 8 9 10 11 12
Cu(D)-TBTA| . + o+ o+ o+ o+ - + O+ o+ o+ 4+
Alkyne - - 64 62 62 6.5 - - 64 62 62 6.5

Figure 6.6 The autoradiographic gel image of the click reactions between the gel-purified
5°-N;-""**P-ONs and alkynes.

Lanes 1 to 6 are the click reactions with 5’-N;->"*?P-ON1, while Lanes 7 to 12 are those with
5°-N;-"*?P-ON2. The click reaction was carried out in the presence of Cu(I)-TBTA (12.5 mM) and
sodium ascorbate (50 mM) in a reaction volume of 4 pL at rt for 1 hr. Lanes 1 and 7: control (the
oligonucleotide); Lanes 2 and 8: background reaction (without alkyne added); Lanes 3 and 9: the click
reaction with alkynylcoumarin 6.4 (7.5 mM); Lanes 4 and 10: the click reaction with alkynylArBF; 6.2
(DMSO solution stored in the freezer for more than half a year, concentration not determined, > 1 mM);
Lanes 5 and 11: the click reaction with the freshly prepared alkynylArBF; 6.2 in DMSO (concentration not
determined, > 1 mM); Lanes 6 and 12: click reaction with 3,6-difluorbo-N-(prop-2-yn-1-yl)benzamide 6.5
(7.5 mM). Oligonucleotides were resolved in 20% PAGE.
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The results of the initial experiment for the click reactions with the gel-purified
5°-N;-*"**P-ONs, shown in Figure 6.6, encouraged us to further optimize the reaction at
room temperature. The concentration of 5 ’—N3—31/32P—ON 2 was then determined
radiometrically via a calibration curve® generated with y->"P-ATP from the same source.
The first variable that was tested is the concentration of the copper(I)-TBTA catalyst.
Several concentrations of the Cu(Il)-TBTA solution ranging from 0.25 mM to 12.5 mM
were tested in the click reaction between 5 ’—N3—31/32P—ON2 and alkynylArBF; 6.2 in the
presence of a large amount of sodium ascorbate (50 mM) to ensure complete reduction of
Cu(II) to Cu(I). The autoradiographic gel image indicated in Figure 6.7A suggested that
the concentration of the copper(I)-TBTA complex is important for this reaction. The
reaction was slow in the presence of low concentrations of the copper complex as shown
in Lanes 5 and 6. Even for the reaction corresponding to Lane 6 where the concentration
of Cu(II)-TBTA was 0.25 mM, which was still far higher than that of 5’-N3->"**P-ON2
(0.0128 mM), the reaction seemed to proceed to ~ 13% after a 30 minute incubation at
room temperature. In contrast, the reaction was more efficient at a higher concentration

of Cu(Il)-TBTA, and no side reaction was observed with a higher catalyst loading.

To carry out a one-pot two-step synthesis to label an oligonucleotide with an ArBF3, the
labeling reaction that gives the '*F-labeled ArBF; needs to be neutralized prior to the
addition of the 5 ’-N3-31/32P -ONs and the catalyst. As a result, concentrations of reagents
in the click reaction, including that of the oligonucleotide, will be reduced through
dilution. Since the high concentration of catalyst did not appear to promote any other side
reactions, 50 nmol of Cu(II)-TBTA was used. Correspondingly, the dilution effect and the
influence of the quench buffer used for the work-up of the ArBF; labeling reaction were
tested. The result, shown in Figure 6.7B, implies that the catalyst efficiency was not
compromised by dilution. It also suggests that the reaction has high tolerance to pH
changes, and the change in the solvent content as only low amounts of 5’-N3->"**P-ON2

remained unreacted (Lanes 4 and 5).

* Ideally, the concentration can be determined from the radioactivity of the **P-labeled sample and also the
known specific activity based on the carrier (ATP) added to y-**P-ATP. However, only a contamination
Geiger counter and a survey meter are available in the lab. Autoradiography was used to build up the
radioactivity calibration curve for the concentration determination.
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Figure 6.7 The study of the concentrations of Cu(II)-TBTA for the click reaction between
5’-N;-"**P-ON2 and alkynylArBF; 6.2.

(A) Test of different concentrations of Cu(II)-TBTA in the click reaction. Lane 1: control. Lanes 2 to 6: the
click reaction (reaction volume: 4 pL) with 5-N;-° 32p_ON2 (0.0128 mM) in the presence of sodium
ascorbate (50 mM) and alkynylArBF; 6.2 (concentration not determined, but > 1 mM, the same amount for
each reaction) with different concentrations of Cu(II)-TBTA solution at rt for 30 min. Lane 2: 12.5 mM of
Cu(I)-TBTA; Lane 3: 6.25 mM of Cu(II)-TBTA; Lane 4: 2.50 mM of Cu(II)-TBTA; Lane 5: 1.25 mM of
Cu(Il)-TBTA (84% conversion); Lane 6: 0.25 mM of Cu(Il)-TBTA (13% conversion). (B) The dilution
effect on the click reaction. Lanes 1 to 5: 5’-N3->"**P-ON2 (51.3 pmol), Cu(I)-TBTA (50 nmol), sodium
ascorbate (200 nmol), rt, 38 min in different reaction volumes. Lane 1: 4 puL; Lane 2: 14 uL; Lane 3: 54 uL;
Lane 4: 14 uL of 3.6% NH4OH in 68% aqueous EtOH; Lane 5: 54 uL of 4.6% NH4OH in 88% aqueous
EtOH; Lane 6: control. Oligonucleotides were resolved in 20% PAGE.

Copper(I) is the actual catalyst in click reactions, and in situ generation of copper(I)
from the reduction of copper(Il) has been frequently employed with very high
efficiency.””>?"” Despite many reductants available for this purpose, sodium ascorbate is
most commonly used on account of its availability, low cost, and high efficiency.* **°
Hence, we decided to use sodium ascorbate to generate copper(l). The concentration of
sodium ascorbate is likely to be critical because sufficient reducing power is required to
reduce copper(Il) and to regenerate copper(I), which might be oxidized by dissolved

oxygen. We then decided to keep the concentration of sodium ascorbate in the reaction at

50 mM, which is four-fold that of Cu(Il)-TBTA used in a 4 pL reaction.

Using Cu(II)-TBTA (12.5 mM)/sodium ascorbate (50 mM) in a reaction of 4 pL, we
studied the kinetic process of the reaction to get a better idea about the optimal reaction

time. As indicated in Figure 6.8A, for 5°-N3->'2

P-ON2, the click reaction seemed to be
complete within 5 minutes. This rapid conversion is very encouraging. On the other hand,
the click reaction was initially considered to be quenched upon the addition of 3%

LiClO4/acetone that is used to precipitate oligonucleotides while retaining the
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Cu(I)-TBTA complex in solution. Nevertheless, the precipitation of oligonucleotides
from LiClO4/acetone might have also promoted the reaction between the azido-species
and the alkyne in the presence of copper(I) during the 15 minutes of centrifugation. To
exclude this possibility, a similar kinetic study was carried out on 5’-N3->"*?P-ON2, and
at various certain time points, the reaction was first quenched by aqueous EDTA (0.1 M,
pH 8.4) before LiClOs/acetone precipitation to fully inhibit the catalytic activity of
copper for the click reaction. A similar result shown in Figure 6.8B was obtained and
thus excluded the aforementioned possibility, and it is therefore concluded that the
reaction is very rapid, especially with a relatively high concentration of the catalyst and
the alkyne species over the 5’-N3-> 32p_ONs. To guarantee a full conversion, we decided
to incubate the click reaction between alkynyl—lgF—ArBFg 6.2 and the 5 ’—N3—31/32P—ONS

under similar conditions for 30 minutes.

— —
(A) (B)

Figure 6.8 The kinetics of the click reaction between 5’-N;-*'*?P-ON2 and alkynylArBFj; 6.2.

(A): the kinetic study of the click reaction with 5’-N3-*"*?P-ON2 and reactions were quenched by
LiClOy/acetone; and (B): the kinetic study of the click reaction with 5’-N;-*"*?P-ON2 and reactions were
quenched with EDTA. The click reactions were undertaken in presence of Cu(Il)-TBTA (12.5 mM),
sodium ascorbate (50 mM), 5’-N3-*"*’P-ON2 (0.0128 mM), and alkynylArBF; 6.2 (concentration not
determined, > 1 mM) in a total volume of 4 puL and quenched at different time points. For (A) reactions
directly quenched with 200 pL of 3% LiClO4/acetone: Lane 1, control; Lane 2, 65 min; Lane 3, 48 min;
Lane 4, 35 min; Lane 5, 10 min; Lane 6, 5 min for (B) reactions first quenched with 1 uL of 0.1 M EDTA
(pH 8.4) and then precipitated with 200 pL of 3% LiClO4/acetone: Lane 1, control; Lane 2, 27 min; Lane
3, 17 min; Lane 4, 10 min; Lane 5, 6 min; Lane 6, 2 min. Oligonucleotides were resolved in 20% PAGE.
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Figure 6.9 The click reaction between 5°-N;->"**P-ON1 and alkynylArBF; 6.2.

Lane 1, control (5-N3-*"*?P-ON1); each click reaction from Lanes 2 to 6 contains sodium ascorbate (200
nmol), Cu(I)-TBTA (50 nmol) and 5’-N;->"**P-ON1 (concentration not determined) in different reaction
volumes at rt for 56 min (35 min for Lanes 5 and 6), and the reactions were precipitated with 3%
LiClO4/acetone (400 uL). Lane 2, in 33.5 pL of 4.4% NH,4OH in EtOH; Lane 3, in 33.5 pL DEPC-H,0;
Lane 4, in 103.5 puL of DEPC-H,0; Lane 5 and Lane 6, in 3.5 puL of DEPC-H,O; Lane 6, the click reaction
after precipitation with 3% LiClOy/acetone was treated with 1.5 pL of RNase A at rt for 16 min.
Oligonucleotides were resolved in 20% PAGE.

The results of the click reaction with the oligonucleotides above were obtained for
reactions in small volumes (4 to 5 pL) in an aqueous DMSO/BuOH cosolvent. Although
the '*F-labeling reaction for alkynyl-'*F-ArBF; 6.2 would be quenched with a relatively
higher volume of 5% NH4OH in 50% aqueous EtOH, the larger volume resulting thereof
had minimum effects on the yield of the click reaction with 5 ’—N3—31/32P—ON2, as shown

in Figure 6.7B. Even though the click reaction with 5°-N3->"*?

P-ON2 did not appear to
be influenced by NH4OH in the quench solution, it is still unknown whether the less
stable ribonucleic acid linkage can survive in the presence of NH4OH or if the function
of all conceivable oligonucleotides might be affected negatively by such conditions.
Given such concerns, the same click reaction was undertaken between 5 ’—N3—31/32P—ON1
and alkynylArBF; 6.2 in the NH4;OH/EtOH aqueous solution. Furthermore, the

3132p_ON1 via the click reaction was treated with

derivatized oligonucleotide from 5 ’-Nj3-
RNase A to determine whether or not the derivatization of the 5’-terminus would retain
the property of the oligonucleotide. A very similar result, as that for 5’-N3->'*P-ON2
shown in Figure 6.7B, was obtained for 5’-N3->"**P-ON1. As illustrated in Figure 6.9,
the click reaction between 5’-N3->"**P- ON1 and alkynylArBF; 6.2 was not significantly

influenced by the dilution with either water or 5% NH4OH in EtOH. It seemed that as
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long as the reaction contains enough catalyst (the concentration of the catalyst may not
be a crucial factor), the click reaction can be very robust and efficient. Moreover, the
RNase A reaction with the crude click reaction mixture seemed quite efficient in cleaving
the phosphodiester bond at the ribonucleotide linkage, and approximately 80% cleavage
of ON1 was achieved by RNase A. This RNase A treatment demonstrated the intactness

of the oligonucleotide during the click reaction.

- -~ I.
| 1 2 3 4 5
Alkyne| 6.5 6.2 crude 6.4 -
6.2

Figure 6.10 The one-pot two-step reaction to label oligonucleotide 5’-N;-*"*P-ON1.

Lanes 1 to 4, click reactions with 5°-N;-*"**P-ON1 (298.5 pmol for each reaction), sodium ascorbate (200
nmol), Cu(Il)-TBTA (50 nmol), rt for 35 min. Lane 1, 3,5-difluoro-N-(prop-2-yn-1lyl)benzamide 6.5 (6 mM)
in 5 pL of reaction volume; Lane 2, alkynylArBF; 6.2 (concentration not determined, > 1 mM) in 5 pL
solution; Lane 3, the quenched fluoridation mixture (100 nmol of 3.11, 200 nmol of KHF,, 3.78 pumol of
HCl in 5.3 pL of 75% aqueous THEF, rt, 37 min) in 20 pL of 5% NH,OH in EtOH; Lane 4, alkynylcoumarin
6.4 (6 mM) in 5 pL of reaction volume; Lane 5, control (5 "-N;->"2P-ON1). Oligonucleotides were
resolved in 20% PAGE.

So far, several important factors for the click reaction between 5 ’—N3—31/32P—0Ns and
alkynylArBF; 6.2 have been investigated. Although the temperature, which is a key
element for reactions, was not studied, it is believed that elevated temperatures may
cause background competition of the non-copper catalyzed Huisgen reaction to give
regioisomers. Given that at room temperature the click reaction was rapid, no further
optimization with regard to temperatures was undertaken. On the other hand, for the
transition from cold conditions to hot conditions, it is important to carry out the
experiment under nonradioactive conditions in exactly the same fashion as would be
followed for a radiosynthesis. Therefore, the one-pot two-step reaction was carried out
starting from "’F-fluoride and alkynylarylboronic acid 3.11. Briefly, a fluoridation
reaction mimicking the 8F_fluoridation of 3.11 was first quenched with 5% NH4OH in
EtOH, to which was added with 5°-N3-*"**P-ON1 and Cu(II)-TBTA/sodium ascorbate to
initiate the click reaction as shown in Lane 3 of Figure 6.10. The reaction seemed to give

a single labeled oligonucleotide species. Lanes 1, 2 and 4 are the reference reactions with
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alkyne 6.5, alkynylArBF; 6.2 and/or alkynylcoumarin 6.4.
6.2.4 The '®F-labeling of oligonucleotides via click chemistry

The "*F-fluoridation reaction to produce alkynyl-'*F-ArBF; 6.2 was undertaken at room
temperature for 37 minutes, whereupon the reaction was quenched with 5% NH4OH in
50% aqueous EtOH, as shown in Figure 6.5 in section 6.2.2. Without purifying
alkynyl-lgF-ArBFg 6.2 from the crude reaction, 10 pL of the quenched reaction mixture,
representing one third of the toal reaction, was directly added to 5°-N;->"*?p-ON1,
followed by the addition of sodium ascorbate and Cu(Il)-TBTA. Meanwhile, the click
reaction between 5’-N3-°*?P-ON1 and alkynylcoumarin 6.4 or alkyne 6.5 was also
carried out at the same time to offer both electrophoretic standards and a **P-reference
signal * for the ultimate visualization of the resolved polyacrylamide gel by
phosphorimager autoradiography following PAGE. All click reactions were incubated at
room temperature for 40 minutes. Moreover, for each click reaction, there was also a
subsequent RNase A treatment for 8 minutes, for the purpose of detecting the integrity of
the ribonucleotide (rC) in the middle of ON1 after the copper catalyzed click reaction
under radioactive conditions. Before being loaded on the 10% polyacrylamide gelb for
electrophoresis, the oligonucleotides were precipitated with 3% LiClO4 in acetone to
remove the non-oligonucleotide species and most of the salts. The results were shown in
Figure 6.11. Briefly, only a single band appeared for each reaction, while unfortunately
there was no significant difference among bands regarding the oligonucleotide mobility.
For the reactions between 5’-N3-*"**P-ON1 and alkynyl-"*F-ArBF; 6.2, the radioactivity
of the bands in Lanes 4 and 7 in Figure 6.11A appeared exalted in autoradiographic
analysis 17 minutes after the gel electrophoresis, compared with other lanes. Although an
equal amount of 5°-N;3->"*’P-ON1 was subjected to each click reaction, a dramatic
difference of the radioactive signals registered on the phosphorimager screen, which
implies that the radioactivity observed in Lanes 4 and 7 of Figure 6.11A must originate
predominantly from incorporated '*F-fluoride in the form of '“F-ArBF;. Following

storage for defined periods of time, the radioactivity due to the decay of '*F-fluoride

* This **P-reference signal is based on the decay half-life of *P (14.3 days), which is much longer than that
of "*F-fluoride (109.8 min).
> 10% gel (20 x 20 cm) was used to minimize the gel resolution time.
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decreased as shown in Figure 6.11B to D. However, it must be noticed that at later time
points such as that for Figure 6.11D, the difference of the radioactivity registering on the
phosphorimager screen for each band became negligible, consistent with the fact that the
same amount of **P-labeled oligonucleotide was present in each sample. The relative
change of the radioactivity among bands, in spite of the poor resolution, suggested the
introduction of '®F-ArBF; into 5°-*"*?P-ON1 via the copper(I) catalyzed click reaction

succeeded.

(A) (B)
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Figure 6.11 The autoradiographic gel images of the click reactions between alkynes and
5’-N;-""*’P-ON1.

The phosphorimager screen was exposed to the gel at different time points after the gel was resolved over
electrophoresis (10% PAGE). (The contrast of the image was adjusted by ImageQuant 5.2.) (A) 11 min of
exposure, at 17 min after the completion of the gel electrophoresis; (B) 12 min of exposure, at 194 min
after the completion of the electrophoresis; (C) 5 min of exposure, at 1054 min after the completion of the
electrophoresis; (D) 18 min of exposure, 3 days and 18 hours after the completion of the electrophoresis.
Between exposures, the gel was stored in the fridge (~ 4 °C) in the phosphorimager screen case. Lane 1,
control (5°-N;-*"*?P-ONT1) (298.5 pmol); all the other lanes refer to the click reactions as 5’-N;-> 132p_ON1
(60 uM), alkyne, sodium ascorbate (200 nmol) and Cu(Il)-TBTA (50 nmol), rt, 40 min, then
LiClOy/acetone treatment. Lanes 2 and 5: alkyne 6.5 (6 mM). Lanes 3 and 6, alkynylArBF; 6.2
(concentration unknown, but > 1 mM). Lanes 4 and 7, 10 uL of the quenched 'F-labeling reaction
indicated in Figure 6.5. For Lanes 2 to 4, the precipitated oligonucleotide from LiClO4/acetone was further
treated with RNase A (1.5 pL) for 8 min.
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Disappointingly it seemed that the RNase A treatment was unsuccessful since no
second/lower band was produced thereafter. We regarded that the negative result from the
RNase A treatment in Figure 6.11 could be either due to the lack of RNase A activity
under such conditions, or because of that the cleaved oligonucleotide fragments, one of
which is an 8mer with 5’-'*F/**P-labeled, was not resolved in a 10% polyacrylamide gel
during the electrophoresis. Moreover, from the autoradiographic gel image, nearly no
mobility difference of the oligonucleotides was observed. It is not clear whether that was
due to the inefficient resolution among the similar sized oligonucleotides in a 10%

polyacrylamide gel of smaller size used in the experiment shown in Figure 6.11.
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Figure 6.12 The resolution of various oligonucleotides in 10% polyacrylamide gel.

Lane A: control (5 "N, 1/32P-ON1), Lanes B and C: the click reaction of alkynes with 5 *N;-3 32p_ON1
(37.3 uM), alkyne, sodium ascorbate (50 mM), and Cu(Il)-TBTA (12.5 mM). Lanes D and E:
5°-N;->"**P-ON1 (149 pmol in 1 pL) treated with RNase A (1.5 uL) for 16 min. Lane B: alkyne 6.5 (7.5
mM); Lane C: alkynylArBF; 6.2 (concentration not determined, > 1 mM). All the oligonucleotide reactions
were treated with LiClO4/acetone precipitation before being loaded to the gel. Lane E demonstrates that the
oligonucleotide treated with RNase A was loaded after the other oligonucleotide samples (Lanes A to D)
were resolved on the gel for a certain period of time (while the second indicating dye (xylene cyanol) ran
through half of the gel).
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Figure 6.13 The radio-HPLC chromatogram of the preparation of alkynyl-'*F-ArBF; 6.2 and the
autoradiographic gel images of click reactions with 5’-N;-*"**P-ON1.

(1): The HPLC chromatogram of the "*F-fluoridation of alkynylarylboronic acid 3.11. The reaction final
concentrations: 15.4 mM of alkynylarylboronic acid 3.11, 0.97 M of HCI, 76.9 mM of "*F-fluoride in the
form of KHF, in 6.5 pL of 4:2.5 THF:H,0. The reaction was incubated at rt for 35 min before being
quenched with 5% NH4OH in 50% aq. EtOH. The radioactivity at the BOS: 6.26 mCi. The RCY was 29%.
The HPLC was performed via Program 7 with Column I in HPLC System IV. (2): The phosphorimager
screen was exposed to the gel at different periods of time after the 10% polyacrylamide gel was resolved
over electrophoresis. (A) 10 min of exposure, at 20 min after the completion of gel electrophoresis; (B) 42
min of exposure, at 100 min after the completion of electrophoresis; (C) 17.5 hours of exposure, at 154
min after the completion of electrophoresis; (D) 3 days and 22 hr of exposure, 20 hours after the
completion of electrophoresis. Between exposures, the gel was stored in the fridge (~ 4 °C) in the
phosphorimager screen case. Lane 6, the control, 5’-N3-*"*?P-ON1; all the other lanes refer to the click
reactions with 5°-N;->"*?P-ON1 (149 pmol) or as noted, alkyne, sodium ascorbate (200 nmol), and
Cu(I)-TBTA (50 nmol), at rt for 30 min, then LiClO, treatment before being loaded to the 10%
polyacrylamide gel for electrophoresis. Lane 1, background reaction (without alkyne added), in 3 uL
H,0:'BuOH (2:1); Lane 2, alkyne 6.5 (7.5 mM); Lane 3, alkynylArBF; 6.2 (concentration unknown, but >
1 mM); Lane 4, 10 pL of the quenched '*F-labeling reaction, 1.17 mCi at the start of the click reaction;
Lane 5, 10 pL of the quenched '*F-labeling reaction, 5°-N3-*'P-ON1 (1.49 nmol), 1.12 mCi at the start of
the click reaction.

To clarify these puzzling problems raised in the radiolabeling experiment shown in

Figure 6.11, an experiment was carried out under non-'*F conditions to check the
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mobility of the oligonucleotides in a 10% denaturing polyacrylamide gel (20 cm x 20
cm). 5 "N3->"*?P-ON1 reacted with various alkynes as described previously under the
click conditions. And 5 ’—N3—31/32P—ON 1 was directly treated with RNase A for reactions
loaded in Lanes D and E. There was a time gap between the gel resolution of Lanes D
and E, in which the reaction represented by Lane E was loaded to the polyacrylamide gel
after that loaded to Lane D had been resolved in the PAGE for a certain time. The results
are shown in Figure 6.12. For the RNase A treated sample loaded in Lane E, there are
two bands of the 5°-**P-labeled oligonucleotides (the substrate or product of the RNase A
reaction), which suggested RNase A partially cleaved ON1. However, only one of the
two bands showed up in Lane D. Since the operation of the gel electrophoresis was
guided by the visualization of the migration of bromophenol blue, an indicating dye, the
smaller oligonucleotide produced by RNase A cleavage in Lane D must have migrated
off the gel and therefore was not detected by the phosphorimager screen. On the other
hand, even with a cleaner appearance of the gel image, the difference in the
electrophoretic mobility of these derivatized oligonucleotides over the 10%
polyacrylamide gel was small (Lanes A to D), compared with the gel images shown

previously over 20% polyacrylamide gels such as in Figure 6.6.

To further verify the '*F-incorporation in the oligonucleotide via the one-pot two-step
coupling method, nonradioactive 5’-N3->'P-ON1 was prepared via the same protocol,**!
and was tested for the '®F-incorporation. In this test, the preparation of
alkynyl-'"*F-ArBF; 6.2 was carried out under similar radiofluoridation conditions and the
radio-HPLC analysis of this '*F-fluoridation is shown in Figure 6.13. After the reaction
was quenched with 30 pL of 5% NH4OH in 50% aqueous EtOH, 1/3 of the quenched
reaction was used for the click reaction with 5 ’—N3—31/32P—ON1 or5 ’—N3—31P—ON1. At the
same time, the click reaction of 5°-N3->"*?P-ON1 was also carried out with alkyne 6.5
and alkynylArBF; 6.2. After the reaction products were precipitated with 3%
LiClO4/acetone, the oligonucleotides were resolved in 10% PAGE. As shown in the
autoradiographic image (A) of Figure 6.13, the phosphorimager screen was exposed to
the radioactive gel for a short time (10 min) following the completion of gel resolution.

Only Lanes 4 and 5, both of which were from the '*F-labeling experiments, exhibited

strong radioactive signals that were registered to the phosphorimager screen. As with the

207



previous '*F-labeling experiments shown in Figure 6.11, with longer exposure time, the
relatively lower radioactivity of 3132p was found to be comparable to that of the
'®F_signal as shown in images B and C of Figure 6.13. The relative intensity of the bands
for "*F-derivatized oligonucleotides in Lanes 4 and 5 decreased due to the radioactive
decay. As expected, after 20 hours (image D), there was virtually no signal in Lane 5,
which was derived from the reaction between unlabeled 5 ’-N3-3 'P.ON1 and
alkynyl-'"*F-ArBF; 6.2. In addition, the radioactive signal of the band in Lane 4, which
still contained **P-phosphorus, was much weaker than that of Lanes 1, 2, 3 and 6 after 4
days. This further suggests the strong autoradiographic density associated with Lanes 4
and 5 at the earlier time points (image A and B) were indeed primarily due to the
successful incorporation of '*F-fluoride. Poor resolution of oligonucleotide on the PAGE

gel was also observed in this experiment.

1000
800 4 —— Alkynyl-""F-ArBF3 6.2
—— Click reaction
H " 31
£ 600- with 5'-N,-’'P-ON2
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Figure 6.14 The HPLC chromatograms of the crude click reaction with 5’-N;-*'P-ON2.

The top HPLC traces are the radio-HPLC traces for both the radiosynthesis of alkynyl-'"*F-ArBF; 6.2 (red)
and its click reaction with 5°-N;-*'P-ON2 (black). The bottom trace is the HPLC at 260 nm for the click
reaction between alkynyl-'"*F-ArBF; 6.2 and 5-N5->'P-ON2. The radiosynthesis of alkynyl-'*F-ArBF; 6.2
(red): 15.4 mM of alkynylarylboronic acid 3.11, 0.97 M of HCI, and 38.5 mM of KHF, in 61.5% aqueous
CH;CN (6.5 pL) was incubated at rt for 0.5 hr (5.4 mCi at the BOS) and its RCY was 33%. The click
reaction (black) with 5°-N3->'P-ON2: 1/3 of the crude reaction for alkynyl-lsF-ArBF3, 2.627 nmol of
5’-N;->'P-ON2, 33.3 mM sodium ascorbate, and 8.33 mM Cu(II)-TBTA in 30 pL 16.7% aqueous EtOH for
0.5 hr (1.9 mCi at the beginning of the click reaction). The HPLC was performed via HPLC Program 13
with Column I in HPLC System IV. The overall RCY was 1.67% (decay corrected).
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The result of the dual isotope (*°P/'®F) labeling experiments based on
PAGE-autoradiographic analysis was very encouraging in qualitative terms, despite the
poor resolution of the labeled oligonucleotides by PAGE. To further corroborate these
encouraging results from the one-pot two-step method, a radio-HPLC analysis was
developed. 5°-N3->'P-ON2 was prepared®®' and reacted with the crude fluoridation
reaction for alkynyl-'*F-ArBF; 6.2 in the presence of Cu(Il)-TBTA/sodium ascorbate.
After 30 minutes, the reaction was quenched by the precipitation of the oligonucleotide
from 3% LiClO4 in acetone to remove the unreacted alkynyl-'"*F-ArBF; 6.2 and other
undesired components. The oligonucleotide and other components co-precipitating were
dissolved in water and injected into the C18 column (Column I) for HPLC. From the
black HPLC traces shown in Figure 6.14, it was apparent that the click reaction
succeeded to give the '"*F-ArBF; labeled oligonucleotide ON2 (ON2-'*F-ArBF;) with a

retention time of 18.4 minutes.
6.2.5 Specific activity

As mentioned in Chapter 1, specific activity is one of the key criteria for evaluating a
radiosynthesis and also for determining in vivo image quality for radiotracers that are
based on the receptor targeting. To refresh the reader, the specific activity is defined as
the radioactivity per unit (gram or mole) of the radiolabeled compound at a given time,
which means that accurate determination of the values for the radioactivity and amounts
of the radiolabeled compound is important. Unfortunately, the ArBF3s used herein are a
family of compounds with poor chromophores of unknown 8max’S, which make it difficult
to determine the concentration/amount of the radiolabeled products via UV-vis
spectrometry methods. Furthermore, the bioprobes we tried to label in previous chapters
also have poor UV properties. Although an indirect colorimetric method was used to
determine the concentration of MarArBF; 4.15 via the ferroin test for the inhibitory
activity test, as described in Chapter 4, it was not used to determine the concentration of
Mar-'*F-ArBF; 4.15. Whereas in Chapter 1 we hypothesized and mathematically derived
a relationship whereby the specific activity of '*F-ArBFss must be triple that of free
'"F_fluoride, there has been no direct experimental evidence to prove that this labeling

method gives three times the specific activity of the '*F-fluoride used.
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Figure 6.15 The UV absorption spectra of the sample collected from the radio-HPLC.
(A), The UV spectrum was for the HPLC collected sample (a total volume of 1.0755 mL collected, 16.8967
uCi*) without any dilution. Ajepum = 0.1061; (B), 1 mL of the HPLC collected sample after decaying for 5
days was concentrated down over vacuum, resuspended in 30 pL of DEPC-H,0 and then precipitated with
1 mL of 3% LiClO4/acetone. The precipitate was redissolved in 500 pL of DEPC-H,0 and 300 pL of the
newly prepared solution was concentrated; the residue was redissolved in 30 puL of DEPC-H,O and
precipitated with 1 mL of 3% LiClO,/acetone; the pellet was further washed with 1 mL EtOH, dried in the
air for 15 min and then resuspended in 30 uL. of DEPC-H,0; 23 pL of the fresh solution was added to 500
pL of DEPC-H,O for the UV absorption measurement, Aygg ,,, = 0.0262. The extinction coefficient (260 nm)
for ON2 is 128800 M-cm™, which was provided by the Vendor based on the sum of the &y.’s of
individual bases while the contribution of the ArBF; was regarded to be negligible and which was directly
regarded as the extinction coefficient (260 nm) of ON2-ArBF; or related”.

In contrast to the low UV absorption property of the ArBFss currently under study,
oligonucleotides have excellent optical properties and can be detected at very low
concentrations by using UV-vis spectrometry. Therefore, ON2-'*F-ArBF; from the click
reaction between 5’-N3->'P-ON2 and alkynyl-'®F-ArBF; 6.2 was manually collected
following radio-HPLC shown in Figure 6.14. The radioactivity of the collected sample
was measured and the sample was stored at 4 °C behind the shield for decay. Then the
UV-absorbance of the sample was measured. Unfortunately, the acquired UV spectrum
(for the HPLC collected sample) from 220 to 400 nm gave a very atypical profile as
shown in Figure 6.15A, which implied that there might be interference from
UV-absorbant contaminants in the HPLC solvents. The oligonucleotide solution was
lyophilized, precipitated with 3% LiClO4/acetone and ethanol, and re-dissolved in
DEPC-H,0° before the UV-vis absorbance was re-measured. Both of the UV absorption

profiles are shown in Figure 6.15. The specific activity at the time of recording the

* The radioactivity was 625178 Bq.

b Itis possible that 5°’-ON2-ArBF; would follow the ArBF; hydrolysis to give 5’-ON2-ArB(OH),, which
might undergo deboronation to provide 5°-ON2-Ar-H or 5’-ON2-Ar-OH.

¢ DEPC-H,0 is H,O treated with diethylpyrocarbonate over autoclaved conditions.
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radioactivity was therefore calculated based on the concentration obtained from the UV
spectrometry: 19.1 mCi/pumol for the HPLC collected sample and 67.9 mCi/umol for the
HPLC collected sample with precipitation, as summarized in Table 6.1. The specific
activity of '®F-fluoride (10.8 mCi/umol) was calculated based on the radioactivity (5.4
mCi) and the amount of carrier fluoride (500 nmol) at the beginning of the synthesis (t =
0 min). It is then decay corrected to the time of recording the radioactivity of
ON2-"*F-ArBF; to be 4.5 mCi/umol (t = 138 min). When considering that three fluorine
atoms are bound to one boron atom in one molecule of ArBF3, the corresponding specific
activity of ON2-18F-ArBF3 should be three fold that of free 18F-ﬂu0ride, and that is
therefore calculated to be 13.6 mCi/umol (t = 138 min). While the UV-vis spectrum for
the precipitated material is much more characteristic of a clean oligonucleotide, the
overall amount of material remaining was lower clearly indicated loss following the
precipitation. Unfortunately, because the sample had already decayed, there was no way
to assess how much radioactivity was also lost due to the precipitation. If one assumes
that no radioactivity was lost during the precipitation, then the specific activity of this

sample is calculated to be much higher.

Table 6.1 The calculation for the specific activity of ON2-'"*F-ArBF,.

t (min) Radioactivity '¥F-labeled material (nmol) Specific activity

%]

.E 0 5.4 mCi 500 10.8 mCi/umol
E

= .
= 138 - - 4.5 mCi/umol'
g;; - - 13.6 mCi/pmol’
<
= 138 0.886 ™" 19.1 mCi/pmol
s 16.9 pCi

5 0.249" 67.9 mCi/pmol

" The specific activity of "*F-fluoride at t = 138 min was calculated from that of "*F-fluoride at t = 0 min;

" The specific activity of ON2-'"*F-ArBF; was calculated from that of '*F-fluoride;

i The amount of ON2-'"*F-ArBF; collected from the HPLC was based on the UV absorption at 260 nm
shown in Figure 6.15A;

¥ The amount of ON2-'*F-ArBF; collected from the HPLC was based on the UV absorption at 260 nm
shown in Figure 6.15B.
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6.3 Discussion

6.3.1 The derivatization of oligonucleotides

The direct conjugation of oligonucleotides with amines via Knorre’s protocol has been
reported with very high yields, especially for conjugation to organic amines.**! ***
According to the protocol, although the activation of the phosphorylated oligonucleotides
can be carried out under aqueous conditions, it is more efficient to activate the
oligonucleotides in organic solvents. Since negatively charged oligonucleotides always
have very poor solubility in organic solvents, even in DMSO, the phase transfer agent
CTAB was used to form ion pairs between the oligonucleotides and CTA cations. The
CTA salts of oligonucleotides, therefore, have good solubility in organic solvents wherein
the activation reaction proceeds efficiently. To avoid the side reaction between
azido-PEG-amine 6.1 and PPhs, the activated oligonucleotides were precipitated by
LiClO4 in acetone to remove CTA perchlorate and excess activating agents including
PPh;. The subsequent conjugation reaction with the amine occurred in the aqueous

solution for one hour at room temperature. The gel purification was applied to purify the

desired oligonucleotides 5 ’—N3—31/32P—ONS.

Since the 5’-N3-31/32P-0Ns are derived from the 5°-° 1BzP-ONs, their electrophoretic
mobility should be slower than that of the starting oligonucleotides as shown in the
autoradiographic gel images (Figure 6.3). This can be interpreted in terms of increasing
the mass-to-charge ratio, which is due to the increase of the mass and decrease of the
negative charge. The electrophoretic mobility of oligonucleotides in a polyacrylamide gel
is largely dependent on the oligonucleotide size. Since every phosphodiester bond
represents a negative charge and the 5’-terminus of the 5’-phosphorylated
oligonucleotide carries two more negative charges, any mass addition to the
oligonucleotides due to the coupling at the 5’-terminus can reduce the mobility of the
oligonucleotides. Therefore, the mobilities of bands A, B and C were all retarded due to
the coupling reaction. Nevertheless, the autoradiographic gel image in Figure 6.3 also
suggests that the reaction was accompanied by relatively significant side reactions,

especially for 5°-°"*?P-ON1. The only difference between 5°-°"*?P-ON1 and
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5°3132p_ON2 is that there is a ribonucleotide in the middle of the sequence of

5°3132p_ONI1. Therefore, the 2 "-hydroxyl group most likely is involved in some reaction
under the given conditions, particularly since it has been reported that the S-pyridylation

with dipyridyldisulfide/PPh; has been frequently used for oxygen substitution in

carbohydrate chemistry.**’>*°
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Figure 6.16 The mechanism of the derivatization of oligonucleotides by Knorre’s protocol.’
(A) is the mechanism for phosphoramide preparation via the activation of PPhs, (PyS),, and DMAP. (B) is
proposed for the activation of hydroxyl group under such conditions.

For the derivatization of the oligonucleotides, as indicated in Figure 6.16A, the
phosphate activation starts via the production of the thiophosphonium I from (PyS), and
PPhs. Intermediate I is nucleophilically attacked by the phosphate to give a phosphate
phosphorus intermediate that is quickly attacked by the thiopyridine to give the
thiophosphate intermediate II, which is quickly trapped by DMAP to afford the
phosphoramide active reagent III. After the removal of the activating agents and
byproducts by LiClOg4/acetone, the active intermediate III is then subjected to the
nucleophilic substitution by the amine acting as a nucleophile to give the desired
phosphoramidate product. However, as shown in Figure 6.16B, for the case of
5°3132p_ON1, the 2 -hydroxyl group of the ribonucleotide cytosine in the middle of the
sequence can also be activated to form the oxophosphonium intermediate in the same
fashion as with a Mitsunobu activation. And in this case, via a nucleophilic substitution,
2-pyridinylthioate generated in situ replaces the 2 -hydroxyl to give the 2 -S-pyridinyl-
oligonucleotide IV, as well as triphenylphosphine oxide, a highly stable byproduct.®
This 2’-S-pyridinyl-oligonucleotide IV might account for Band B shown in Lane 2 of
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Figure 6.3, which displayed slightly slower electrophoretic mobility than the major
product. An argument against this conclusion is that with the steric hindrance at the
2 ’-position in the middle of the oligonucleotide sequence, it could be imagined that the
reaction rate would be slow and therefore only a very small amount of this product was
produced in the derivatization. In any event, the above discussion remains somewhat

speculative as these higher running bands were not characterized.

In the derivatization of 5’-*'**P-ON1, more products were produced besides those

represented by bands B and C in Lane 2, as shown in Figure 6.3. Band A, with the most
retained electrophoretic mobility, is most likely due to a “T-bone” structure formed
between two oligonucleotides. Two possible explanations may account for the T-bone
formation: a), the 2’-hydroxyl group in ONI1 nucleophilically attacked the activated
phosphate of another oligonucleotide; or b), the diamine originated from
azido-PEG-amine 6.1, either produced in situ due to the presence of PPh; or
contaminated from its preparation, nucleophilically attacked the activated
oligonucleotide to form an oligonucleotide dimer. However, the near absence of Band A
for 5°-N3->'*?P-ON2 supports the assertion that 2’-hydroxyl group acted as the
nucleophile to afford an oligonucleotide dimer as shown in Band A of Lane 2. On the
other hand, the lower bands that appeared in Lane 2 for ON1 may be due to the lower
stability of the ribose-containing oligonucleotide because there weren’t any
corresponding bands for oligonucleotide ON2. Since these bands are not of primary

interest, no further analysis was performed.

The desired 5’-N3->"*?P-ONs at Band C was purified by gel extraction. However, the
loss of oligonucleotide via this method was high. Apart from the side reactions, which
may have consumed the oligonucleotide instead of providing the desired
5’—N3—31/32P—0Ns, normally only 6 to 10 nmol of the 5 ’—N3—31/32P—ONS were obtained
from a reaction starting with 100 nmol of the 5’~-HO-ONs.

6.3.2 Synthesis of alkynes

The synthesis of alkynes was mainly based on the conjugation between the carboxylic

acids and propargylamine using EDC/HOBt as the coupling reagents. For the synthesis

214



of alkynylarylboronic acid 3.11 as shown in Scheme 3.3, the boronic acid synthon 3.8
was first protected with 1,8-diaminonaphthalene to give boronate 3.9 with high stability
under basic conditions. After the introduction of the propargyl amide, the protecting
group was removed in the presence of H,SO4 to release boronic acid 3.11. AlkynylArBF;
6.2 was prepared from the fluoridation of boronic acid 3.11. A large excess of fluoride
was used to fully convert alkynylarylboronic acid 3.11 to alkynylArBF; 6.2. Although the
reaction proceeded cleanly, initially there was no good way to purify the ArBF; from free
fluoride. Even though the chromatographic system developed by Ting et al.® with 5%
NH4OH in EtOH over silica column could successfully separate ArBF3s from fluoride,
the silica gel also dissolved in the elution buffer and becomes a new contaminant of the
desired ArBFss. As a result, it would not be possible to accurately measure the amount of
ArBF3s by weighing. In addition, the ArBFss used in this thesis are generally poor UV
chromophores. This means that UV-vis spectrometry would not be ideal to determine the
concentration of ArBF3;s. We then have developed a new method to purify the ArBF;
from free fluoride and other contaminants by Et;O wash and subsequent DMSO
extraction. Although the "F NMR spectrum of the sample in DMSO suggested no
presence of free fluoride, complete removal of DMSO would be a challenge due to its
low vapor pressure. Moreover, there is no ideal internal '’F-standard for the ArBF; and
therefore its concentration could only be crudely estimated by '’F NMR spectroscopy.
For instance, tetrafluoroborate (BF4), which might be regarded suitable as the internal
reference, is not exactly similar to ArBFs;s. Moreover, since normally a very small
amount of alkynylArBF; 6.2 was prepared, we did not use BF4 ™ as the internal standard
for the concentration measurement of the ArBFss. Instead, the concentration of
alkynylArBF3 6.2 in ds-DMSO used in this chapter was estimated to be ~ 15 mM based
on "F NMR spectroscopy. For the click coupling reaction with the
azido-oligonucleotides, whose amount was in the nanomole or picomole range, the
amount of alkynylArBF; 6.2 added to the reaction was always in large excess to the
oligonucleotides. Therefore, no further effort was taken to determine the accurate

concentration of alkynylArBF; 6.2.

The '®F-fluoridation of alkynylarylboronic acid 3.11 was carried out under acidic

conditions with radiochemical yields of 30-40% within 30 minutes. Since the reaction
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requires at least 3 equivalents of fluoride, carrier '’F-fluoride was added to '*F-fluoride to
facilitate the fluoridation. The addition of carrier '’F-fluoride no doubt decreases the
specific activity. However, the specific activity of '“F-ArBFss is compensated by a
tripling effect. This follows the 1:3 stoichiometric ratio of the product to the boron-bound
fluoride. As there should be no difference regarding chemical reactivity between
®F_fluoride and '’F-fluoride, the specific activity based on fluoride would not be

changed whether or not it is bound to other molecules.
6.3.3 Click reactions between 5’-N;-""**P-ONs and alkynes

Cu(IT)-TBTA/sodium ascorbate were used in the study of the click reaction between the
5°-N;->"*?P-ONs and alkynes. The ligand TBTA has been reported to stabilize Cu(I),>
which can be produced in situ by the reduction of Cu(Il) with sodium ascorbate. The
Cu(I)-TBTA stock solution was prepared with 1:1 Cu(I):TBTA in 4:1 ‘BuOH:H,O.
Because of the low solubility of TBTA in the aqueous cosolvent, there was some white
solid at the bottom of the stock solution and it was found that this precipitate would not
influence the catalytic efficiency of Cu(II)-TBTA. For each of the click reactions, a 4:1
ratio of sodium ascorbate to Cu(Il)-TBTA was added to ensure there was enough

reductant in the reaction.

The click reaction was undertaken between the gel-purified 5’-N3->"*?P-ONs and
various alkynes catalyzed by Cu(Il)-TBTA/sodium ascorbate. The oligonucleotides were
stable in the presence of Cu(Il)-TBTA/sodium ascorbate as shown in Lanes 2 and 8 in
Figure 6.6. Indeed as shown in Figure 6.6, the click reactions between the
5°-N3->"**P-ONs and alkynes (6.2, 6.4, and 6.5) yielded clean bands, whose
electrophoretic mobilities were all slower than the 5'—N3—31/32P—ONS. The fluorescent
products from the click reaction with alkynylcoumarin 6.4 (represented by Lanes 3 and 9)
moved the slowest in the polyacrylamide gel. The click reaction between the
5°-N;3->"*?P-ONs and alkynylbenzamide 6.5 (Lanes 6 and 12) gave products with the
second slowest electrophoretic mobility. The reaction with 6.5 provides a reference for
the reaction between the 5°-N3-""*?P-ONs and the hypothetical deboronated product that
might have formed in situ from alkynylarylboronic acid 3.11 or alkynylArBF; 6.2 during
the click reaction. AlkynylArBF; 6.2 was successfully coupled onto the 5’-N3->"**P-ONs
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via the click reaction as shown in Lanes 4, 5, 10 and 11. The newly produced
oligonucleotides in Lanes 4, 5, 10 and 11 moved a bit faster than those in Lanes 6 and 12,

which suggested that both products 5’->"*

P-ON-ArBF;s contain more negative charges
than that does with 6.5. Nonetheless, the oligonucleotide-ArBFss ran a bit more slowly
than the precursor oligonucleotides. When considering the molecular weight of
alkynylArBF; 6.2 (262 g/mol), it is close to adenosine (267 g/mol). This implies that the
5°3132p_ON-ArBF;s are close to 16mers, just as one adenosine incorporated into the
5°-N3->"*?P-ONs (15mers). As a result, the electrophoretic mobility of the 5’-N3->'*?P-
ON-ArBFss resembles that of a 16mer, which moves slightly more slowly than the

5°-N3->"*?P-ONs (15mers).

The investigation of different amounts of catalyst for the click reaction suggests that
the reaction rate is catalyst dependent at low concentrations, while the reaction rate
seemed no different at higher concentrations of copper(Il)-TBTA/sodium ascorbate. As
reported by Rodionov, Fokin, and Finn, the copper(I) catalyzed azide-alkyne
cycloaddition reaction in the absence of ligand is 2™ order in copper(I) under catalytic
conditions.>> However, when a large excess of copper is used, the reaction rate has been
observed independent of the copper(I) concentration.’> The relatively high amount of
Cu(II)-TBTA (50 nmol or 12.5 mM in 4 pL reaction) was used for the click reactions
herein to minimize the reaction time while ensuring the reaction conversion. However,
when considering the possible dilution from the fluoridation mixture in the first step as
well as the potential incompatibility of the quench buffer (NH4OH in EtOH) with regard
to the click reaction in the second step, the dilution effect on the click reaction was tested
with both DEPC-H,0 and the quench buffer NH,OH/EtOH in different reaction volumes.
The result suggested that in the presence of Cu(Il)-TBTA (50 nmol)/sodium ascorbate
(200 nmol), more than 95% of the 5’-N3->"*?P-ONs were converted to the products
within 40 minutes even in the reaction with 12 times dilution by NH4sOH/EtOH.

In the presence of Cu(Il)-TBTA (12.5 mM)/sodium ascorbate (50 mM) in a 4 uL
reaction, the click reaction for 5 N3V 32P-ON2, as indicated in Figure 6.8A, was very
fast. According to the result, the reaction was complete within 5 minutes. Since a

centrifugation for 15 minutes at 13k rpm was involved to remove the catalyst and
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unreacted alkynes prior to the gel electrophoresis, to exclude catalysis by heterogeneous
copper(l), EDTA was added to capture copper(I/II) and thereby fully quench the click

. . . , 31/32
reaction involving 5’-Nj3-

P-ON2. The reaction analyzed by gel electrophoresis as
shown in Figure 6.8B implies that the reaction was actually complete within 2 minutes
under the given conditions. Based on this result and in order to drive the click reaction
between alkynyl-'*F-ArBF; and 5°-Nj-° 32p_ONs to completion, a reaction time of 30
minutes was selected, which is not too long compared with the decay half-life of

BE_fluorine.

The dilution effect from either DEPC-H,0 or the NH4OH/EtOH quench buffer was also
studied for 5’-N3-*"*?P-ON1 in the same manner. The dilution effect was negligible in
the presence of a high catalyst loading. More importantly, the experiment shown in
Figure 6.9, is the RNase A treatment after the click reaction between alkynylArBF; 6.2
and 5°-N3->"*?P-ON1. As shown in Lane 6, a smaller oligonucleotide was produced from
the treatment with RNase A. The successful cleavage of the oligonucleotide with RNase
A suggests the derivatization of 5 *3132p_ON1 via the click reaction has not changed the
backbone of the oligonucleotide. Although the experiment provided no information about
the integrity of the nucleobases present on the oligonucleotide, the intactness of the

backbone is consistent with most of the derivatization of oligonucleotides from the 3 - or

5’-terminus.
6.3.4 The one-pot two-step '*F-labeling of oligonucleotides

The "*F-fluoridation of alkynylarylboronic acid 3.11 was carried out successfully under
standard conditions with a radiochemical yield of ~ 30-40% in around 30 minutes. The
reaction was quenched with 5% NH4OH in 50% aqueous EtOH. One third of the
quenched reaction was then added to the oligonucleotide for the click reaction catalyzed
by Cu(Il)-TBTA/sodium ascorbate. The result of the click reaction was analyzed by

PAGE-autoradiography. To decrease the interference of the signals from *'*?

P-phosphate,
the oligonucleotide was labeled with *’P at a low specific activity with regard to
phosphate. Low specific activity in terms of **P provides for a small amount of B-decay
incidents due to **P-phosphate, and thus would require longer exposure time to provide

enough emission from the **P-labeled species for the phosphorimager screen to satisfy its
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minimum sensitivity. If 'SF-fluoride is incorporated into the oligonucleotide at a
relatively high specific activity, then following the PAGE resolution, the radioactive
signals of '*F-fluoride should outweigh those from *?P-phosphate. Following click
reaction, a precipitation was undertaken to remove most of the non-oligonucleotide
species. As shown in Figure 6.14, a significant amount of alkynyl-'*F-ArBF; 6.2 could be
removed by the precipitation procedure. Although '*F-fluoride co-precipitated with the
oligonucleotide, it most likely migrated off the gel due to its small size. As shown in
Figure 6.11 and Figure 6.13, at early time points, the signal registered on the
phosphorimager screen was predominantly based on '*F-fluoride, while sufficient signal
was obtained for a short time of exposure. However, at later time points, it took a longer
time to accumulate enough signal, since the '*F-fluoride incorporated in the
oligonucleotides resolved on the polyacrylamide gel had decayed during storage.
Autoradiographic exposure that was initiated well after any incorporated '*F-fluoride had
decayed ensured that only signals from **P-phosphate were detected. The predominant
change of the radioactivity as seen in four different exposures aquired over a period of
three days highly suggested that the incorporation of the '*F-ArBF; was successful.
However, since the gels were stored for decay at 4 °C in the fridge because of the limited
equipment in the hot lab, the diffusion of the oligonucleotides on the PAGE cannot be
prevented, and as a result the autoradiographic gel image at the later time points gave
fuzzy bands. Fortunately, this is sufficient to represent the decay of '*F-fluoride. Lane 5
in Figure 6.13 also demonstrates the click reaction between 5 ’—N3—31P—ON 1 and
alkynyl-'*F-ArBF; 6.2, which illustrates the successful incorporation of '*F-fluoride to
the oligonucleotide by the gradual loss of radioactive signals until nearly no radioactivity

was detected after 4 days.

One of the reasons that we chose to work with ON1 is the feature of a ribonucleotide in
the middle of the sequence. It was believed that the derivatization at its terminus would
not affect the reactivity of the oligonucleotide at the position of the ribonucleotide. The
results demonstrated in both Figure 6.9 (20% PAGE) and Figure 6.12 (10% PAGE)
suggest the ribonucleotide in ON1 remains intact through the derivatization and copper(I)
catalyzed click reactions. However, it was noticed that with 10% PAGE, the RNase A

cleaved product, an 8mer, moved ahead of the bromophenol blue dye. In order to achieve
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the highest resolution among oligonucleotides, bromophenol blue migrated to the very
bottom of the polyacrylamide gel and therefore the 8mer product likely ran off the gel as
shown in Lanes 2 to 4 in Figure 6.11. Moreover, from the autoradiographic gel images of
the '"F-labeling experiments shown in Figure 6.11 and Figure 6.13, neither of the
experimental results demonstrated significant mobility difference among
oligonucleotides produced from the click reactions. Even in Figure 6.12, which
represents a very nice autoradiographic gel image, the difference among oligonucleotides
is very small when resolved in the 10% PAGE. This might be due to 1) oligonucleotides
moving faster in a 10% PAGE gel than in the 20% PAGE gel, and 2) the small size of the
PAGE gel (20 cm x 20 cm) shown in Figure 6.11, Figure 6.12 and Figure 6.13, which
was too short to differentiate among oligonucleotides that differ by only one base.

Notably a smaller size gel was run to enable rapid resolution.

Overall, the two '®F-labeling experiments analyzed by PAGE-autoradiography showed
the substantial radioactivity incorporation compared with the parallel click reac