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PET has played a key role in the field of molecular imaging and nuclear medicine over the
past decades. PET represents a non-invasive molecular imaging technique to study and visualize
human physiology by detecting positron-emitting radiopharmaceuticals labeled with short half-
live radioisotopes (i.e., e, 13N, 0, and 18F) that visualize in vivo biochemical processes and
metabolic pathways (i.e., glycolysis and protein/DNA synthesis). PET is also an emerging
method for measuring body function and tailoring disease treatment in living human by detecting
biochemical changes preceding anatomical changes occurring a disease. The capability of
imaging quantitatively and with high sensitivity without limitation in tissue penetration has
facilitated development of PET imaging probes. Therefore normal biological processes and their
malfunctions are the targets of PET.

Blood-brain barrier (BBB) permeability is one of the most important criteria for PET
radiotracers targeting different cellular elements in the brain as well as for the development of
drugs for treating brain diseases. However, there is no quantitative prediction tool for in vivo

pharmacokinetic properties of radiotracer such as rate constants of plasma-to-brain transfer (K,)
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and brain-to-plasma transfer (k). Instead of relying on trial-and-error based strategy, we
designed a set of model compounds based on the benzamide structure, which is a widely used
structural element in drugs and radiotracers (e.g., histone deacetylase (HDAC) inhibitors,
[''Clraclopride), to build up the quantitative structure-property relationship (QSPR) as a
prediction tool for dynamic modeling of BBB permeability. Parallel synthesis was performed to
provide seven benzamides and the corresponding precursor molecules for high yield C-11
labelling using [''C]methyl iodide and [''C]methyl triflate. PET imaging studies in the female
baboon along with collecting blood samples over a scan time of 60 min revealed high brain
uptake and rapid washout. Kinetic modeling enabled the calculation of pharmacokinetic
properties of this series of benzamides and their relationship to physicochemical properties and
to BBB penetration. .

PET imaging is also a very useful method to develop and use radiotracers as scientific tools
to understand signaling pathways controlling plant growth and development by imaging the
biosynthesis and movement of plant hormones in the whole plant in vivo. Plant oriented PET
studies are meaningful to gain new knowledge on whole plant physiology for basic research and
for developing better biofuel plants.

Auxins are important plant hormones that play an essential role in plant growth and
development. Indole-3-acetic acid (IAA) is the most common and potent among naturally
occurring auxins. Although [AA was structurally characterized in the 1930s, its translocation in
the whole plant in response to growth and environmental stimuli is still not completely
understood. The development and application of PET radiotracers to probe the auxin
biosynthesis pathway, to study sites of auxin biosynthesis, and auxin distribution and metabolism

builds on our recent development of tetraecthylene glycol promoted two-step, one-pot rapid
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synthesis of [''C]IAA from [“C]cyanide and its use in studies of root herbivory. Based on this
study, routine production of [''C]JIAA has become reliable and can be accomplished within 45 —
50 min in high radiochemical yield and high specific activity for plant studies.

Labeling indole, the first substrate in auxin synthesis, with carbon-11 builds on a new method
to incorporate C-11 into ring positions including indole. It can assumed that the ring label will
be present in all intermediates in auxin biosynthesis, since indole is a key intermediate in auxin
biosynthesis. Accordingly radiolabeling indole allows tracer studies of auxin biosynthesis in
vivo in plants. Therefore, we developed a radiosynthesis of [2-''Clindole via rapid
[''C]cyanation followed by reductive cyclization. Our approach involved the reaction of 2-
nitrobenzyl bromide with no-carrier-added [''C]cyanide to form [''C]2-nitrophenylacetonitrile
followed by reductive cyclization with Raney nickel and hydrazinium monoformate to form
[''Clindole. Each step for the synthesis of [2-''Clindole was fully controlled and systematically
optimized to give a high radiochemical yield and high specific activity of [2-''Clindole in 45
minutes. This new radiosynthetic method feeds into studies of signaling molecule biosynthesis
and movement in whole plants.

There is evidence that asparagine, similar to glutamine, plays an important role as a nitrogen
source in plants. Our objective was to develop a stereospecific synthesis of ''C-labeled L-
asparagine, using a five-membered ring sulfamidate precursor and nucleophilic ring-opening
with carbon-11 labeled hydrogen cyanide ([''CJHCN) as a radioprecursor. For that, efficient
preparation of the cyclic sulfamidate and model reaction without radioisotope (cold chemistry)
has been developed. The synthesis of (S)-di-tert-butyl 1,2,3-oxathiazolidine-3,4-dicarboxylate
2,2-dioxide started from commercially available Boc-O-benzyl-L-serine was accomplished in

four steps. Based on the success of model reactions in cold chemistry, selective radiosynthesis



of L[4-''Clasparagine was accomplished via [''C]cyanation of the sulfamidate followed by
hydrolysis with strong acid (TFA/H,SO4) through selective deprotection. Further biological

studies via PET imaging are in progress.
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CHAPTER 1.

Positron Emission Tomography (PET)

1. Background

Non-invasive imaging and monitoring molecular events in vivo and in real time has
significantly contributed to understand fundamental biochemical and physiological process in
living organism. Molecular imaging technologies use molecular probes or interactions with
molecule, thereby is an essential tool for the development of novel approaches for early
prognosis of diseases and for the design of new drugs and treatment. Consequently there are
continuous needs to develop and improve imaging techniques with better sensitivity, spatial
resolution, selectivity and tissue specificity’.

Many different technologies have been developed to image the structure and function of
systems with unique applications, as well as advantages and limitations. For instance, electron
microscopy, autoradiography, optical imaging are capable to generate clear structural image with
high resolution for preclinical study. Magnetic resonance imaging (MRI), X-ray diffraction,
ultrasound (US), or computerized tomography (CT) mainly provides valuable anatomical
information by generating detailed structural images'*. However these imaging methods are
able to give only limited or no information on metabolic or molecular events in living subjects,
thereby in vivo detection of diseases via these imaging methods can be restricted to disorders

3

causing structural abnormalities'”>. While other molecular imaging techniques such as single-

photon emission computed tomography (SPECT) and positron emission tomography (PET)



enable to prognose and diagnose malfunctions at molecular level and to monitor metabolic

. .. 23
processes in living humans™.

These methods require exogenous radioactive imaging probes
(gamma- and positron-emitters) that provide detectable signals to visualize their body
distribution by scanners®. These radioactive tracers can be designed for targeting specific tissue

or receptor/enzyme to provide detailed images of the targeted area of interest or information

about morphofunctional process and biochemical mechanism in living tissues".

1.1. Principle of PET

Traditionally, the application of tracer methods for molecular imaging to study of
biochemical processes has continued to heavily rely on the use of negatron-emitters, '*C and *H,
since these nuclides can be introduced for stable carbon and hydrogen in organic molecules
without influence in biological properties of the molecules. Relatively long half-lives, short
range of negatron, and ubiquitous availability of '*C and *H suit them to trace various complex
biochemical and metabolic pathways in the tissue or cell for preclinical study and in vitro study
via autoradiography. The means of extending some of these methods in order to directly apply
to human studies has been developed via PET with suitable positron emitters'™ .

PET has played a key role in the field of molecular imaging and nuclear medicine over the
past decades. PET represents a non-invasive molecular imaging technique to study and visualize
human physiology by detecting positron-emitting radiopharmaceuticals that label in vivo
biochemical process and metabolic pathways (i.e., glycolysis and protein/DNA synthesis)*™.
Since some of positron-emitting radionuclides (i.e., e, 13N, and 15O) are low atomic mass

elements commonly and naturally found in biomolecules it is also ideal to directly label target

molecules or species rather than interfering with their biological activity for probing human



physiology and biochemistry'®. This is very unique and strong advantage of PET technique for
human study comparing with other molecular imaging techniques using a relatively large
imaging agent attached to the target species that modify its biological activity’. For instance,
gamma-emitting radiopharmaceuticals visualized by SPECT scanner are able to indirectly enter

201

in a specific metabolic function (i.e., © thallium, a cardiac perfusion radiotracer, labels the

Na'/K" ion exchange pump and it is transported into myocardiocytes)™™ .

PET is also an emerging method in terms of measuring body function and tailoring disease
treatment in living human by detecting trivial chemical changes caused before macroscopic
anatomical sign of a disease. The capability of imaging quantification and high sensitivity
without limitation in tissue penetration has facilitated development of PET imaging probes.
Therefore normal biological processes and their malfunctions are the targets of PET'.

Many different technologies for molecular imaging have been continued and developed with
unique applications as well as advantages and limitations. In order to complement each method,
imaging technology has been improved to integrate two different methods in one device. The
combined PET/CT technique allows the matching of functional information on the PET scan to
the detailed anatomical images from the CT scan®. Other integrated systems such as PET/MRI,

SPECT/CT and SPECT/MRI also have been used for in-line multi-modality preclinical and

clinical study’.



1.2. Positron-emitting radioisotopes and PET imaging

1.2.1. Cyclotron produced positron-emitters via nuclear reactions

Positron-emitting radioisotopes are produced on cyclotrons or generators. Cyclotrons have
been in regular use for medical radioisotope production since about 1950 and several hundreds of
cyclotrons in operation in U.S.

Cyclotron, a cyclic accelerator of charged particles, can be considered as devices providing a
source of reactants such as proton, deuterons, 3 He, and *He that can give the nuclear reactions

0 At small-sized cyclotrons, the nuclear reactions such as

leading to the desired radionuclides'
(p,n), (d,n), (p,) and (d,a) shown on Figure 1 are involved''. The thresholds for the nuclear
reactions involved are 5 to 6 MeV (Table 1). Medical cyclotrons that exclusively devoted for
the production of positron-emitting radionuclides generate low maximum proton energy (10 — 20
MeV) and the maximum proton beam current is 10 — 500 A" '"*. Due to the nature of the

proton-induced nuclear reactions, there is a change in element:

Z->7Z+1or Z->7-1 (Z: atomic number)
Figure 1. Production of radioisotopes via proton induced nuclear reaction.
A "N@pa)'C: “N+IH - IC+4He

B. '"N(dn)"0: “N+32H - 30+ in

C. “Ni(p,n)*Cu: $iNi+1H - $4Cu +n

p: proton (1H); a: alpha particle (3He); d: deuterium (2H); n: neutron ($n)



Table 1. Characteristics of the important radionuclides for PET.

Isotope  Half-life Nuclear Emax ﬂ+ Target S.A. Product
reaction (MeV) branching (Ci/mmol)
ratio”
" 204min "Nea'C 0959 1.0 Ny(+0y) 9.22x10°  'CO,
"N 996min  "Npa)’N  1.197 1.0 H,0+EtOH  1.89x10"  “NO,,
PNO;,
NH;

"0 204min  "“N@n"®0 1738 1.0 Ny(+0y) 9.08x10" 0,
ISN(p,n)ISO 15N2(+02)

BE 109.8min  "*O(p,n)"°F 0.633 0.97 H,"*0 1.71x10°  '®F-
20Ne( d a)18F 1802( +F,) 18F2

Ne(+F>,)

%Cu  12.7h “Ni(p,n)*™*Cu  0.66 0.17 Enriched 2.45%x10°  *CuCl,
%Ni(d, 2n)**Cu Ni (99.6%)

%Ga 68 min %Ge/**Ga 1.898 0.89 Ga,O 2.75%10°  %Ga’
generator

¥7r  785h “Ypo.n)¥Zr  0.40 0.23 Natural Y =~ 4.00x10*  ¥zr*

metal foil

1241 424 HTe(p,n)'*  2.15 0.23 2Te0 3.11x10* T

“Ru  1.27 min 2S1/*Rb 3.15 0.95 Rb (natural)  1.50x10%°  ®RbCl
generator

 Maximum energy of positron (87); ° the fraction of atom that decay by 8 emission

P Theoretical maximum specific activity

1.2.2. Decay of radioisotope by positron emission and annihilation in vivo

Inhalation or intravenous injection is required to administer the PET probe to the living
subject (plant, animal and human). The PET radionuclides decay in the body by positron
emission (Figure 2). The emitted positron (8") is not detected directly, but travels a short
distance (0.5 — 2.0 cm, depending on its characteristic kinetic energy) and collides with an

la, 12

electron in the surrounding tissue This collision of particle (positron) and antiparticle

(electron) results in an annihilation event that produces two gamma ray photon (y) of 511 keV
5



that travel at 180° to each other which are measured in coincident (Figure 3)'". The PET scanner
simultaneously detects these two coincident gamma rays that travel out through the body and get
annihilated, thereby the approximate location of the PET probe in the body is indicated'.

The subject is situated in the circular ring type of PET scanner consists of a series of gamma
ray detectors. Each detector is connected in a coincidence circuit with another detector located
on the opposite side of the ring. Millions of individual annihilation events are required in order
to produce enough data for PET image reconstruction'’. PET technology generates quantitative
physiological and biochemical information in the real time by monitoring the biodistribution and

concentration of the radiolabed probe in the body over time.
Figure 2. Decay of an e isotope and formation of "B atom, a positron (87), and a neutrino (v).

Figure 3. The positron decay and annihilation which results in two 511 keV gamma quanta

detected by PET scanner'.

0
.......

-._."’ v

decay by
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emission
pumm——| v nhoton ¥ photon
detection detection

annihilation



1.2.3. Radionuclides in use for PET: standard vs. non-standard PET radioisotopes

According to the principle of PET, PET isotopes ideally suited for probing physiology and
biochemistry of living subjects, especially human should have 1) low positron energy; 2) high
positron branch ratio; 3) practically long half-life that matches with the biological half-life of the
labeled molecule or the biological events and enables total synthesis of PET
radiopharmaceuticals within three half-lives of the isotope; 4) but also not too long half-life to
minimize radiation dose to the subject; and 5) the labeling procedure that minimally alter the
properties of the molecule of interest'”.

Essential radionuclides used in PET are typically labeled with short-lived radionuclides
categorized as “standard radionuclides” such as carbon-11 (T, = 20 min), nitrogen-13 (T;,= 10
min), oxygen-15 (T2= 2 min), and fluorine-18 (T;»= 109 min). F-18 labeled 2-deoxyglucose
(["*F]FDG) is the most commonly used radiotracer for PET imaging for therapeutic or research
purpose'®. There are high uptakes with this radiolabeled glucose analog particularly in high-
glucose using cells such as brain, kidney and cancer cells. ["*F]FDG is used in essentially all
scans for oncology and most scans in neurology, and thus composes the large majority of all of
the radiotracer (> 95%) used in PET and PET-CT scan®™ ™.

Due to extremely short half-life, however, the high cost of on-site cyclotron operation and
specially adapted apparatus for on-site chemical synthesis of the radiopharmaceutical production
after radioisotope preparation is required. Only fluorine-18 radiolabeled compounds with
relatively long half-life (about 2 hours) are available to be transported from the place where they
were produced so they are commercially available. Because of the restriction by short half-life,
it would decrease availability and flexibility for labeling with these radionuclides. Nevertheless

it is noteworthy that the four standard positron emitters (''C, °N, 70O, and '*F) provide a range
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of half-lives ranging from 2 min to nearly 2 hour, thereby providing potential flexibility in
tailoring radiotracer half-life to different needs.

The use of non-standard PET nuclides such as 64Cu, 68Ga, ngr, and '**1 for preclinical
and clinical studies has been growing in the past decade. For instance, Cu-64-labeled
diacetylbis(N4-methylthiosemicarabaone) (64Cu-ATSM) has been shown to be selective for
hypoxia in tumor imaging'®. Despite the mechanisms of 64Cu-ATSM are not fully verified, PET
imaging of hypoxia in the brain, heart and cancer has been explored since human trial was
commenced on 2006 with the United State Food and Drug Administration (U.S. FDA) approval.

Although most of them are not superior than the four standard PET nuclides based on the
criteria for the “ideal PET isotope”, the non-standard PET nuclides have suggested novel
approaches for design and synthesis of a wider range of PET probes for targeted imaging and
therapy in various subjects. Using non-standard nuclides for radiolabeling is also beneficial in
respect with a wider spectrum of half-lives ranging from seconds to days. However, non-
standard radionuclides are not particularly ideal for PET imaging due to high energy positron
emitted, extended positron range and to the numerous cascade gamma ray emissions'®. Thus the
radionuclide should be judiciously chosen for specific applications and the positron range and
cascade gamma rays are given proper consideration for high image quality and quantification

accuracy.



2. Radioprecursors labeled with short half-lived positron-emitters and radiotracer
synthesis

The majority in the field of nuclear medicine and radiopharmaceutics have carried out PET
technology with the short half-lived positron emitters to establish and developed their medical
research and therapy for human, since 1960s. However using short-half lived radioisotopes for
PET studies has specific challenges.

One of the main challenges of radiochemistry for PET with these radioisotopes is the
development of methodology for introducing relatively short-lived positron-emitting isotopes
into target molecules.

It is infeasible that organic radiotracers containing a positron emitter are synthesized first and
then the radioisotope prepared within them, because bombardment with proton beam from the
cyclotron for nuclear reaction in order to produce a radioisotope destroys any organic carrier
molecules. Thus the isotope should be prepared first and then afterward, chemistry to obtain any
organic tracer accomplished rapidly.

The radiolabeled molecules have to be synthesized, purified, analyzed and formulated
roughly within three isotopes half-lives in order to obtain enough radiolabeled material to
administer to a subject undergoing the PET scan. The short half-lives of isotopes require that the
synthesis of labeled compounds should be prepared where the isotopes are produced and the
labeled compounds have to be immediately used after their synthesis. Therefore, precursor yield
always needs to be maximized, because subsequent steps in a radiotracer synthesis and the time
consumed cause a significant decrease in radiochemical yield'’.

The chemical form of radionuclides is controlled by the bombardment followed by nuclear

reaction with a certain target. Although number factors are considered for target chemistry, the

9



most critical factor is the thermal stability of the target and its contents. The radiolytic and
chemical stability of the contents is also highly important®. The primary radioprecursors labeled
with ''C, N, 0, and "*F that produced directly from different targets are presented in Table 2'*.
Common nuclear reactions and target materials for C-11 and F-18 production is described in

Figure 4'°,

Table 2. Primary radiolabeled precursor with e, 13N, 0, and 18F,

Carbon-11 Nitrogen-13 Oxygen-15 Fluorine-18
[HC]Oz, [UC]O, [13N]H3, [13N]O3-’ 1502’ C[ISO], [lgF]Fz, H[ISF]
[''C]H,4 [*N]O,, [*N]O C["°0]0,, N2[°0],

H,[ 0]

Figure 4. Common nuclear reactions and targets for C-11 and F-18 production.

Carbon-11 Production Fluorine-18 Production

14N (x "c 180 18F
TAN(p.o)'C 20 18

2.1. Selecting priority compounds for radiosynthesis

It is essential to set the priority compound for synthesis of radiotracer in order to sort out
appropriate molecular structures for probing a particular physiological process or imaging
specific species of interest. The various chemical interactions of radiotracer with living systems
(i.e., tissue biochemistry, molecular requirements for tissue uptake, and intracellular pH, etc.) are

critical factors for selecting the priority. Thus, comprehension of structure-activity correlations
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as well as prediction of possible metabolites and biodistribution patterns of the molecules in the
body helps to select a proper structure to be synthesized for a PET radiotracer.

2.1.1. In vivo interactions of radiotracers

PET is a scientific tool measuring the rates of biochemical reactions in the living human by
using positron-emitting radiotracers involving the in vivo reactions. Since PET only visualizes
in vivo information by detecting emitted positron (radioactivity) it does not demonstrate that the
chemical form of radioactivity responsible for proving the PET image accords with that of the
tracer injected. After injection, the original radiotracer undergoes metabolism and results in its
labeled/unlabeled metabolic products. Therefore before proceeding actual preclinical and
clinical studies with a new tracer for PET, it must be required to clarify any chemical and
biochemical reactions associated with the designed tracer in order to identify the actual chemical
form of the tracer contributing PET imaging'’. In animal studies, the chemical forms of
radioactivity providing the PET images used to be determined by in vitro assay of tissue samples
from blood of the animals.

2.1.2. Biodistribution

It is important to define the chemical identification of the radioactive source in the area of
interest when selecting priorities for synthesis. The determination of structure-activity
relationship allows predicting the biodistribution patterns of molecules in the body. There are
limitations for amount of radioactivity that can be administrated for reasons of radiation safety
and minimizing radioation dose so detection of in vivo radioactivity is restricted. Therefore the
design of a tracer which has the high uptake in the area of interest is especially important to
provide sufficient count rate for PET imaging. For example, although domperidone is highly

selective dopamine antagonist, it would be useless to label dopamine receptors in the brain
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because the blood-brain barrier permeability of this pharmaceutical is poor™. In this regard, not
only the selective and specific delivery or targeting of radiotracer is important but also its
behavior in the tissue of interest and its transport must be considered for sufficient uptake for
PET study.

2.1.3. Position of labeling

The choice for labeling position is usually dictated by the structure of the molecule and the
limited number of possible strategies for introducing the radionuclides. The half-life of nuclides
should be long enough compared with the turnover rates of the physiological process of interest
but also not too long to increase unnecessarily radiation dose. Also if labeled metabolites which
is in organic molecule formula and if there is high uptake of the labeled metabolites, it results in
high background noise for PET scan and interrupts desire image obtained with original tracer
uptake. Thus if a foreign radioisotope is used to label the molecule, the resulting radiotracer has
to have the desired characteristics of the parent molecule and less potential to produce unlabeled
metabolites. As an example, in the extension of the ["*C]leucine method®' to PET using a
radiotracer labeled with C-11, it is required that the C-11 be contained in the carboxyl group of
the leucine so that decarboxylated metabolites are not detected in the PET scan, thereby

simplifying the measurement of regional protein synthesis.

2.2. Radiotracer synthesis
2.2.1. Typical strategies for the radiosynthesis

A readily accessible labeled precursor molecule is obtained directly from the target (i.e,
[''C]CO,) or synthesized from the labeled species produced in the target. The synthetic

sequence is organized with consideration of the reaction mechanism as well as the specific
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activity of the product and stoichiometry of each step of the synthesis. In general, the reaction
including and subsequent to the introduction of radioactivity is in the terminal or near-terminal
step of total synthesis of a radiotracer.

2.2.2. Specific activity

Specific activity is the amount of radioactivity per mass (or per mole) of a labeled compound.
The term “no-carrier-added (NCA)” means that no “cold” material (carrier) of the same chemical
identity is intentionally added during preparation of radiopharmaceutical””. The maximum
specific activity (carrier-free state) for a radionuclide is obtained when there is no dilution by
other isotopes of the same element but it is very difficult to achieve because of natural
contamination from the environment. The theoretical maximum of specific activity is related to
the number of nuclides:

A= (h’l 2/l‘1/2)N

A: radioactive decay rate; ¢,,,: half-life; N: the number of atoms of the radioactive elements.

The short-lived positron emitting isotopes results in very low masses per becquerel in carrier-
free state so specific activity is also very low, while higher masses results from the longer-lived
isotope so specific activity of long-lived isotope is higher. It is obviously explained by
comparison of the maximum specific activity of ''C (349 TBq/umol) with that of '*C (2.3x10”
TBqg/umol) and the difference in their half-lives, 20.4 min vs. 5730 yrs.

In reality, small amounts of unlabeled (cold) material is introduced unintentionally.
Although it can be very near carrier-free status with special precautions to keep the dilution
factors low, specific activity never gets reached to maxima. For instance, [''C]CO, and
[''CJHCN are diluted with ['*C]CO, and ['*CJHCN, respectively so [''CJHCN is available in
even higher specific activity than [''C]CO,. It is possible to increase specific activity of
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[''CJHCN via the removal of the only source of carrier (["*C]CH,) from the target but difficult.
While, in the case of [''C]CO,, it enables to convert to other forms of radioprecursor such as
[""CJHCHO or ["'C]JCH;3I* and a number of sources of [*C]CO, have been identified in the
process of converting and affect the specific activity of derived radioprecursor.

This factor is concerned seriously to prepare C-11 labeled tracers for clinical studies that only
allows mass of compound that will not result in any toxic or physiological effect. For the reason,
radiopharmaceutical with high specific activity is essential in most cases for human studies.

2.2.3. Stoichiometry and the reaction scale

The requirement for radiotracer with respect to high specific activity for human study gives
rise to more extra limitations on the radiosynthesis. The concept of NCA (or CA) is also highly
related to the scale of reaction and the stoichiometry in the synthesis. For example, in
[“C]cyanation with [''C]NaCN (specific activity is 74 GBg/umol), the mass of NaCN in use for
reaction is only 50 nmol if one starts with 3.7 GBq. With such trace amount of radioprecursor,
all other substrates or reactants used in the synthesis are necessarily in huge excess and this
extremely unbalanced stoichiometry presents difficulties to drive labeling reaction properly.

Thus the substrate that supposed to react with the radioprecursor must be sufficient to react
both with the labeled precursor and other competing reactant in the reaction mixture because in
case relatively higher concentrations of less reactive species is more favorable to give side
reaction by consuming all of the substrate before the desired labeling reaction carried out. Also
because this reaction for labeling tracer in high specific activity is ultramicroscale organic
synthesis, it is advantageous in respect of short reaction time; handling small quantities of

reagents and solvents; ease with purification.
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2.2.4. Purification and quality control

The final radiotracer purification is usually carried out by preparative high performance
liquid chromatography (HPLC). In the purification, excessive substrate as well as chemical and
radiochemical impurities was separated. To deliver the desire tracer to human subject, it does
not only require that the radiotracer must be chemically and radiochemically pure but also sterile
and pyrogen free. The final quality of the desire tracer is confirmed by HPLC, thin-layer liquid
chromatography (TLC), gas chromatography (GC) or mass spectroscopy (MS) and all the

procedure for satisfying strict standard must be accomplished within a limited time scale.

3. Radiolabeling with fluorine-18

Fluorine-18 is an exceedingly useful nuclide for PET. Use of F-18 labeling resulting in low-
energy positron — average range is 0.6 mm — is advantageous with respect to the improved
resolution of PET image. The longest half-life of F-18 (109 min) among the four standard
radionuclides allows relative flexibility regarding the restriction in time for production and
delivery process. The similar van der Waal’s radius of the fluorine atom is also favorable to give
substitution for hydrogen with little steric perturbation so a facile radioprecursor, H['*F] is used
in common for F-18 labeling. In addition, due to the great electronegativity resulting in high C-F
bond energy, rapid fluorination in small-scale reactions for radiolabeling is feasible with highly
reactive precursors such as BF _labeled F,, CF;0F, CIOsF, and HF (Figure 5). Even though
organofluorine compounds are rarely in nature, a number of synthetic approaches for efficient
['*F]fluorination for labeling PET tracers via C-F bond formation has been developed.

The chemistry with nucleophilic ['*F]fluoride (Figure 6) is frequently used for '*F-labeling

not only because of the ease of preparation and use of precursor but the high specific activity
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resulted from the fluorination. Substitution reactions with electrophilic ['*F]fluorine are rarely
used.
Figure 5. Radioprecursors derived from H['*F]

— ['®F]ArF (1)

|

L~ ['8FJRCOF

(1) Schiemann reaction, triazene decomposition, nucleophilic substitution; (2) nucleophilic

substitution.

Figure 6. Radioprecursors derived from ['*F]F,

Hzc_‘CHz N

18F O COCH,4
Hzc—CHz
— ||

18F18F )

BN g

—  ['8F]ArF

['8F]CH3COF

> ["®FIRNF; S @)

— ['8FIAF

['8F]CIOsF ——

L~ ['8FICH4F <
(1) Electrophilic addition; (2) electrophilic substitution.

3.1. Nucleophilic [lsF |fluorination

3.1.1. Labeling with aryl ["*F]fluorides
The ['*F]fluoride can be introduced into the desire position on aromatic ring by displacement

of an aryl amino group via either Balz-Schiemann reaction (Figure 7-a) or Wallach reaction
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(Figure 7-b)**. Radiochemical yield of both reactions is low (less than 15%) because of the
decomposition of substrates in the presence of fluoride and specific activity is also usually low
for Balz-Schiemann reaction due to exchange with '*F-fluoride.

Nucleophilic aromatic substitution driven by an activating electron-withdrawing group on the
ortho or para position and an good leaving group (i.e., halogens, nitro groups, and
trimethylammonium salts) is the most successful method for incorporation of ["*F]fluoride onto
an aryl position (Figure 7-c). However it usually requires high reaction temperature ( >100 °C)
in the presence of cryptand or base".

3.1.2. Labeling with aliphatic ["*F]fluorides

Aliphatic nucleophilic substitution is very efficient and common method to introduce F-18
into organic molecules. Basically aliphatic nucleophilic fluorination requires a good leaving
group such as a halogen or a sulfonate and prefers formation of primary carbon and fluoride
bond. Direct substitution with ['*F]fluoride to an aliphatic target molecule gives rise to very high
radiochemical yield (Figure 7-d)***. A nucleophlic substitution with ['*F]fluoride to 2-deoxy-2-
['*F]fluoro-D-glucose (["*F]FDG) is also a representative example for efficiency of this type of
nucleophilic ['*F]fluorination (F igure 7-¢)'<.

In case direct fluorination is not feasible, for example, labeling macromolecules or electron-
rich arene, fluorination in multi-step is inevitable. Thereby the functionalized aliphatic chain
labeled with F-18 is obtained first, then afterward, introduced into the target molecule (Figure 6-
f)*°. Recently, incorporation of '*F-labeled synthons to the target via “Click” chemistry has

24,26-27

recently intrigued radiochemists (Figure 7-g) It is particularly useful for peptide and

protein labeling®’.
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Figure 7. F-18 chemistry via nucleophilic substitution of ['*F]fluoride
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a) Balz-Schiemann reaction; b) Wallach reaction; c) Nucleophilic aromatic substitution; d)

Direct fluorination in one-step; €) Nucleophilic route to ['"®*F]FDG:; f) Nucleophilic fluorination in

multiple steps; g) Nucleophilic fluorination via “click” chemistry
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3.2. Electrophilic [lsF]ﬂuorination

The C-F bond formation with electrophilic fluorine resulting in poor specific activity and
radiochemical purity is less favorable but it was the original way to obtain many key
radiopharmaceuticals such as ['"*FIFDG (Figure 8-a)'* and  6-['*F]fluoro-L-3,4-
dihydroxyphenylalanine ([**F]fluoro-L-DOPA, ['*FJFDOPA) (Figure 8-b)**. For the reaction, F-
18 labeled electrophiles (i.e., CF;OF, F,, CIOsF, XeF, or CH3CO,F) and electron-rich substrate

such as unsaturated molecule and a carbanion are involved (Figure 8-¢)™* ~.

Figure 8. F-18 chemistry via electrophilic substitution of ['*F]fluorine
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a) Electrophilic route to ['"*F]FDG:; b) electrophilic method for ['"*F]FDOPA; c) electrophilic

substation with ['*F]F; to electron rich substrate.
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4. Radiolabeling with carbon-11

Carbon and hydrogen are the most ubiquitous elements contained in the biomolecules in the
living species and also exist in stable and radioactive forms. Only carbon, however, has
positron-emitting radionuclides that provide body-penetrating radiation for imaging dynamic
physiological process in the living animal and humans. Carbon has a number of different forms
of isotopes such as '*C emitting long-lived 8, and >C commonly used in nuclear magnetic
resonance (NMR) spectroscopy besides radioactive forms including °’C (t12=0.13 sec), ¢ (ti
=19.4 sec) and ''C (#;,, = 20.4 min). Among many different form of isotopes only ''C, which is
the short-lived positron-emitter with small electron capture component and decays to stable ''B,
has used significantly in biochemical and medical research. Its short-half life (20.4 min) is
particularly appreciated in serial studies of the ''C-labeled radiotracers in a single human or
animal subject at short time intervals based on a multiple runs per day.

A wide spectrum of compounds has been prepared from cyclotron-produced ''C-labeled
radioprecursors in order to synthesize and develop novel ''C-labeled radiopharmaceuticals
(Figure 9)'>*°.  The syntheses of various classes of compounds are not always simple and
straightforward like carboxylation of ''C-labeled Grignard reagent but sometimes much more

complicated.
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Figure 9. The map of production of radiolabeled precursors for labeling with ''C derived from

the target and on-line conversion to further radioprecursors.

["'CIHCHO
[''CICH,0H ["CICH,l [''CICH,OT
[cjco ["cjco, ["CICH, ["CJHCN ["CJAICN |

[carbonyl-1"CIRCOOH

™ [carbonyl-""CIRCOOMgX  ['CICCl, [carbonyl-" CJArCOY |

[carbonyl-1'CJRCOCI | Y =-OH, -O-alkyl, -NHy, -NHR

Further conversion of aromatic [1'C]nitriles
["'C]JRCH,X

["CIRCH,0OH ["'cicocl,
4.1. Primary radioprecursors for ''C-labeling

Both [''C]CO; and [''C]CHj are available at the end of cyclotron bombardment. These two
primary radioprecursors enable to be converted to many different classes of radiocompounds or
directly used in organic synthesis for preparing radiopharmaceuticals (Figure 8). In general, ''C-
chemistry has involved formation of C-C bond and C-Y bond, where Y is heteroatom with one
or more lone pairs such as N, O, or S via alkylation and carboxylation from [''C]CO, as well as
displacement or addition reactions with [''CJHCN derived from [''C]CH..

There are typical examples of PET tracers labeled by using [''C]CO, directly. Labeled
carbon dioxide was used for the early synthesis of ''C labeled DOPA on 1970s for the
investigation of dopaminergic process in the human brain. A reaction between collected
[''C]CO, and the lithium salt of B -(3,4-dimethoxyphenyl)-ethyl isocyanide followed by

hydrolysis affords [1-''C]B-(3,4-dimethoxyphenyl)-D,L-a-alanine. Subsequent purification of
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the intermediate and hydrolysis gives rise to [carboxyl-''CIDOPA (Figure 10-a)’'. [I-
""C]Acetate is a useful PET tracer for monitoring the recurrence of prostate cancer. This tracer is
synthesized with [''C]CO, via Grignard reaction (Figure 10-b)*>. Non-radioactive (+)-4-propyl-
3.4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-b][1,4]oxazin-9-0l (PHNO) was synthesized as a
potent D2 subunit of dopamine receptor. [''C]JPHNO has been developed as a new dopamine
agonist radiotracer for PET imaging of the dopamine D3 high-affinity state by specific binding to
dopamine D3 receptor. [''Clpropionyl chloride is prepared via Grignard reaction with [''C]CO,
followed by chlorination to react secondary amine precursor. The desire [''C]PHNO is obtained
by reduction of the [''C]carbonyl (Figure 10-c).  Recently, an operationally simple and mild
reaction based on the direct fixation of [''C]CO, with 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)
has been developed for the synthesis of [''C]carbamates in high radiochemical yields ( >70 %)
(Figure 10-d)*. This strategy should be useful for the development of new radiotracers for PET

and other applications.

Figure 10. Synthesis of typical ''C-labeled radiotracers from [''C]CO,

11
NG 1. n-BuLi HO,"C \H
H.CO 2.["'C]CcO, HO 2
a) 8 3. HCI/H,O/THF
H,CO 4.HI, P HO
[1-1C]DOPA
0
1. ["CICO, "o
b) CH;MgBr ——— > H3C O
2. H*
1-["1C]Acetate
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[11C]-(+)-PHNO

It is not practical to directly use [''C]CH4 in order for introduction of ''C into organic

molecules not only because it is hard to be trapped in the organic solvents but the carbon atom in

methane, which is neither electron deficient nor rich, is not being able to be a site for electrophile

or nucleophile for substitution reactions. Thus [''C]CHy4 is converted to a wide variety of

reactive forms of radiocompounds involved in efficient [“C]carboxylation and [''Clalkylation

and [''C]cyanation for synthesis of ''C-radiopharmaceuticals.

4.2. "'C-labeling with radiocompounds derived from [''C]CO; and [''C]CHy4

A number of other simple one-carbon compounds are synthesized from labeled carbon

dioxide (Figure 11) or methane (Figure 12) via one step or multiple steps of synthetic

manipulation during or after cyclotron bombardment (Figure 9). Their use in particular synthetic

applications take into account differences in their specific activity.
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Figure 11. Radioprecursors derived from [''C]CO,

['""CIHCHO

‘ T > [11 C]CH3OSOZCF3
— ["C]JCH30H —— ["C]CH4 —

-~ ["C]CH4NO,

["CICH3l

[''C]CO, |—— ['"CICH,4

L > [11C]CO

[""cijcocl,

Figure 12. Radioprecursors derived from [''C]CH,

["CICH, |—

4.2.1. Nucleophilic methylation with [''C]CH:I

—= ['"CHCN

— ["'CICCl4 ["'cjcocl,

Some of the earliest radiosyntheses with C-11 relied on labeled carbon dioxide and cyanide.
While alkylation with methyl iodide is the most widely used method for ''C-involved organic
synthesis of today.

In fact, the vast majority of PET tracers utilized routinely for clinical purposes have been
produced by ''C methylation at heteroatoms, i.e. N, O or S. The reasons for this fact can be
found from the ready availability of a precursor through des-alkyl, e.g. des-methyl, versions of a
well-known model compound. In addition, according to the evaluation of substructure analyses
on the frequencies of functional groups of drugs, tertiary aliphatic amines are the most frequent

functional group in drug molecules, with carboxamides as the second most frequently occurring
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functional group. Esters and aromatic ethers are also common existing in drugs and natural
products. This emphasizes the selection of des-methyl form of the corresponding model
compounds or their amine/alcohol/thiol-containing derivatives for use as precursors.

Furthermore, [''C]methylation of heteroatoms is generally beneficial with respect to the
metabolic fate of a radiotracer. Radioactive metabolites may result in an undesired background
signal in the organ under study during the PET scan that decreases the signal to noise ratio. The
metabolites may also have affinity for the target and cause difficulties in the quantification of
binding. Controlling the metabolic fate of a radiotracer is especially crucial in the determination
of the best labeling position for imaging of targets in the central nervous system (CNS).

The brain is separated from the circularly system by the blood-brain-barrier (BBB) which is a
membrane constituted of capillary endothelial cells. Under normal physiological conditions,
diffusion of polar molecules across the BBB is restricted. PET radiotracers for studying the CNS
brain biochemistry are thus frequently labeled at metabolically labile position in the molecule
(i.e. N-, O-, S-[''C]methyl group) to produce hydrophilic radiolabeled metabolites staying in the
peripheral organs and keep out of an intact parent radiotracer signal within the brain tissue.
Heteroatom-methylated tracers are mostly metabolized by demethylation that gives rise to the
formation of polar radiometabolites in small-molecular weight possessing poor BBB
permeability™”.

Particularly [''CJmethylation of primary and secondary alcohols and amines as well as thiols
with methyl iodide (or with even reactive [''C]JCH3;OTY) is the most common strategy for a facile
"'C-labeling via nucleophilic substation in the last stage for the synthesis of
radiopharmaceuticals. This nucleophilic [''C]methylation occurs in high yield within a short

time frame compatible with the half-life of ''C (20.4 min).
25



[''C]CH3I is currently produced by two different methods: wet-chemistry and dry-chemistry
methods. One method is based on trapping the cyclotron produced [''C]CO, in a solution of the
reduction agent lithium aluminium hydride (LAH) in tetrahydrofuran (THF) or diethyl ether
followed by treatment of the [“C]CH3OH with iodide sources such as HI36, P21437 or PPhil, 38,
After removal of the solvent, [''C]CH;l is distilled in a stream of inert gas and lead through a
NaOH/P,Os trap before being delivered into the solution of the precursor of the
[''C]methylation. Although this wet-chemistry method gives [''C]CH;I in high radiochemical
yield, final specific activity is low. It is because the use of LAH, which is the primary source of
cold CO,, limits the specific activity of the [''C]methylation agent. Thus only limited amount of
LAH (5 — 7 umol) is used for a good trapping efficiency of [''C]CO, with a good specific
activity of the tracer’”.

An alternative method that developed in the 1990s was Ni-catalyzed reduction of [''C]CO,
with H, to yield [''C]CH, followed by gas-phase (~700 °C) free radical iodination of the latter to
yield ["'CTH3I*". More recently, [''C]CH, can be produced directly in the target chamber via the
“N(p,0)"'C nuclear reaction using a 5% or 10% Hy/N, target mix*'.

A single passage of [''C]CH, through the heated reaction containment results in a relatively
low conversion. The radiochemical yield of [''C]CH;I can be improved to > 60 % by utilizing a
loop system in which the produced [''C]CH;I is trapped while the remaining [''C]CHy is
recirculated. This dry-chemistry method, also referred to as the ‘gas phase’ method, is much
more decent and less labor intensive than wet-chemistry method because multiple production
runs are performed without the intermediate cleaning and drying of the production system**.

Nucleophilic [''C]methylations to heteroatoms, N, O, and S, are generally very

straightforward. For the methylation, [''C]CH;l is delivered in the solution of precursor treated
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with base and it is widely applied as a key strategy in order to introduce ''C into important PET
tracers (e.g. [''C]methionine®, [''C]choline™, and [''C]PK11195*) shown on F igure 13. Due to
competing reactions with nucleophiles contained in the molecule, however, protection groups are
frequently used for obtaining [''C]methylation at the desired position in the molecule. The

protection groups can be rapidly removed afterward*® (Figure 14).

Figure 13. Selected examples of radiosynthesis by nucleophilic [''C]methylation with

[“C]CH3I to hetero atoms

11
HS .~ 000 [A|2CO]S,|;,§I Hghg-S s COOH
NH, EtOH NH»
L-[methyl-"1C]-methionine
H4C N AOHTTCIcHy o ZEH}\/OH
CH, CH
["C]choline

11CICHl
_N e,

DMSO, base

Crr

N-["'C-methyl]PK11195

Figure 14. [''C]methylation involving protection and deprotection*®

1
1. ["'C]CHsl, HO

MOMO N N 11CH
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N-[!'C-methyl]6-OH-BTA-1
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4.2.2. Application of [''C]CH;OTf

Production of [''C]JCH;OTf is achieved with [''C]CH;I delivered by a stream of inert gas
through a column of silver triflate kept at 180 °C (Figure 9). For [''Clalkylation of nucleophile
with a low activity, the use of more reactive counter electrophile such as [''C]JCH;OTf is
required. Several cases of the use of [''C]CH;OTf have reported higher radiochemical yields of
the ''C-methylated tracer in shorter reaction times, at lower temperatures, and with lower
amounts of precursor compared to that of [''C]CH;I. Also due to its higher reactivity, ''C-
methylation can be carried out under milder conditions using [''C]CH;OTf, in the case of
relatively unstable compounds. For example, the S-amyloid plaque tracer N-[''C-methyl]-6-
OH-BTA-1([''C]PiB) was originally synthesized by reacting the 6-O-MOM protected precursor
with [''CJH;I in a polar aprotic solvent*®. While shifting the methylation agent to [''C]CH;OTf
and conducting the reaction in acetone provides chemoselective N-[''C]methylation without

protecting®’ (Figure 15).

Figure 15. Synthesis of N-[''C-methyl]-6-OH-BTA-1([''C]PiB) with [''C]CH;OTf"

1
MOMO N [11C]CH3OTf HO = N CHs
) NH, ——————— I NH
S Acetone A S

N-["'C-methyl]6-OH-BTA-1
("cjpiB)

4.2.3. Displacement and addition reactions with [''C]cyanide and [''C]phosgene

Even though [''C]CH, is not able to directly involve for labeling organic molecules, labeled
methane is very useful in radiosynthesis because it is available in large quantities and can be
readily converted to [''CJHCN by simply passing the target gas (N/H, in the presence of a small

quantity of ammonia) over platinum quartz wool at 950 °C. [''C]Cyanaide can be used as a
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nucleophile in the presence of base to replace a leaving group to ''CN".  Subsequent
transformations of ''C-nitriles yield useful functional groups including carboxylic acids,
amides®™ and amidines® and tetrazoles™ so it has been widely used in the synthesis of ''C-
labeled compounds containing these functionalities. For instance, [''C]cyanation followed by
Grignard reaction was performed for the synthesis of [''C]spiroperidol for early studies of the
dopamine D2 receptor (Figure 16)°'.

C-11 labeled methane has also been converted to [''C]phosgene ([''C]COCL,) which is a
highly reactive bi-functional reagent and useful for introducing a ''C-carbonyl group into a
molecule. [''C]COCI, is preferably obtained by oxidation of [''C]CCly which is obtained by
chlorination of [''C]CHy4. [''C]phosgene reacts readily with nucleophiles such as amines and
alcohols, yielding ''C-labeled urea, carbamate, or amide derivatives. For example, the synthesis
of a ring-labeled monoamine oxidase inhibitor is carried out with [''C]phosgene (Figure 17)°*.
Although [''C]phosgene has been used for past decades, the use of this extremely reactive
compounds for radiolabeling is still impeded by low radiochemical yields and difficulties in the
reproducibility of its preparation and side-reaction with nucleophiles in the radiosynthesis of
complex tracers.

Figure 16. Displacement with [''C]cyanation for synthesis of radiotracer, [''C]spiroperidol’’

0 1. [""C]NaCN 0
2. p-F-CgHs-MgBr J<
HNJ< HN < :
L X N(CHy)4Cl 3. NH,CI L/ N(CH>)3
N - = N
\CGH5 \CGHE
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Figure 17. Preparation of a ring-labeled monoamine oxidase inhibitor (["'CIMAO) with

[''c]cocCL

CN

5. Development of PET radiotracers with [HC]HCN
5.1. Development of methodology for the production of ['""CIJHCN

Practical methodology for the preparation of carbon-11 labeled cyanide by recoil synthesis
has been actively developed since 1960s>. According to recoil synthesis, produced radioisotope
from the cyclotron was incorporated into the compound of interest directly. Thereby overall
total synthesis of radiopharmaceuticals became simpler and faster. The target of this direct
preparation of recoil [''C]cyanide was powdered NaCN wrapped in aluminum foil in order to be
in a volume of uniform thickness as the beam area. The target was irradiated with proton beam
(33 MeV) and the nuclear reactions operative in this process are '*N(p, a)''C acting on the
nitrogen in the cyanide and '*C(p, pn)''C acting on the carbon in the cyanide. Because, however,
this method is not carrier free, maximum specific activity was directly influenced by the mass of
the target™.

Following method for the preparation of carrier-free [''CJHCN was inspired by the work of
Wolf A. P. This method for direct recoil synthesis of large quantities of [''C]cyanide with high
specific activity was improved by using two different target systems: one was a solid batch

process (lithium amide target) and the other was a continuous flow gas target (nitrogen-hydrogen
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gas target). Both targets are based on the "*N(p, a)''C reaction via irradiation with proton beam
(15 MeV)™.

A system for the simple routine production of carrier-free, high-activity [''C]JHCN in an on-
line process in the gas stream was originated from PET imaging group at Brookhaven National
Laboratory for medical purpose®. The primary radioprecursor [''C]JCH,; produced from
cyclotron target was quantitatively converted to [''CJHCN in the presence of ammonia flow over
heated Pt (1000 °C) in an on-line process. The target gas was N, (95 %) + H, (5 %) irradiated
with 25 MeV proton beam and "*N(p, @)''C reaction was involved. According to this method,
highly reproducible and predictable production of [''C]JHCN was feasible and the yields from a
given target were available in the gas phase within 10 — 12 min after the end of bombardment
(EOB). In this way, ''C-dopamine (specific activity ~ 40 mCi/mg at the time of delivery) was
produced for use in animal studies by scale down the injection dose level by approximately a
factor of 100™.

A efficient technique for on-line production of [''CJHCN from cyclotron produced [''C]CO,
was reported on 1987°’. This system was comprised of N, gas target irradiated by proton
bombardment and reduction of CO, to CH4 H, with Pt catalyst at 950 °C. This method was
systematically invested by optimization and evaluation of affecting factors like beam current
dependent in-target ammonia formation and product composition®® and has been used until
nowadays for routine production runs. Recently the yield of [''CJHCN was maximized to 50 —

70 % by further investigation for optimizing the on-line process™ .

31



5.2. Radiochemistry with [''"C[HCN
5.2.1. Nucleophilic [HC]cyanation reactions

The nitrile group is frequently found in a large number of important drug molecules (e.g.
vildagliptin (antidiabetic), letrozole (aromatase inhibitor), cyamemazine (antipsychotic), and
rilpivirine (anti-HIV agent), etc.))®. Those biologically important compounds naturally became
target molecules for C-11 labeling reactions, thereby efficient nucleophlic [''C]cyanation with
[''C]cyanide have been developed and accomplished for medical and pharmaceutical use.

Introduction of [”C]cyanide to aromatic substrates and further transformations

["'CJHCN can be used directly for introducing [''CJCN group to aromatic substrate by
carbon (SP2) — carbon (SP) coupling. [''C]cyanogen bromide has been prepared for the
synthesis of ''C-labeled guanidines. Once amines were converted into [''C]cyanamides by
cyanation with [''C]JCNBr, subsequent conversion to the corresponding guanidines was
accomplished with ammonia in the supercritical fluid synthesis system at high pressure and
temperature (Figure 18-a)°". The incorporation of a [''C]cyanide anion into an aryl ring works
efficiently when mediated by copper (I) or palladium. Palladium-mediated [''C]cyanation
reactions may become a more favorable route for introducing [''C]cyano group based on
increased number of methodology development in respect of palladium-catalyzed cyanations®
(Figure 18-b)*, Additionally [''CJHCN can be converted into [''C]CuCN and reacted with aryl
halides via Rosenmund — von Braun reaction (Figure 18-c)’>. Subsequent transformations of

[''Clnitriles yield useful functional groups such as carboxylic acids and derivatives and have

been employed for the synthesis of C-11 labeled compounds containing these functionalities®.
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Figure 18. Selected [''Clcyanation reactions and further transformation for aromatic
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Introduction of [”C]cyanide to aliphatic substrates

Nucleophilic [''C]cyanation with [''CJHCN can be accomplished via carbon (SP3) — carbon
(SP) coupling in carrier-added or no-carrier-added condition. This type of [''C]cyanation
reactions has been widely used for the preparation of C-11 labeled amino acids such as

64

[“C]aminobutyric acids®, L—[S—HC]glutamine , L—[4—“C]asparagine65, L—[S—HC]glutamate“,

[4-''Claspartate®, [''C]5-hydroxy-L-tryptophan®’, [''C] and [''C]tyrosine®®. This strategy is
also useful for other C-11 labeling of biologically active compounds. For example, L-[5-
"'C]glutamine can be prepared solid phase-supported reaction of [''CJHCN with arabinose
followed by hydrolysis (Figure 19-a)**. Dichlofenac sodium which belongs to the family of non-

steroidal anti-inflammatory drugs was labeled with C-11 via carrier-added [''C]cyanation

followed by hydrolysis (Figure 19-b)*’.
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Figure 19. Summary of the preparation of aliphatic [''C]nitrile
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Cl Cl Cl
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Further transformation of [HC]cyano group on aliphatic substrates

The [''C]cyano group introduced into a target molecule has potential to be converted into a
wide range of other functional groups such as carboxylic acid, amides, amidines and tetrazoles’.
For instance, ring-opening of N-activated aziridine-2-carboxylates with [''C]cyanide was useful
for synthesis of amino acids (i.e. [4—“C]aspartic acid, [4-''Clasparagine, and 2,4-diamino[4-
"'C]butyric acid via formation of B-[''C]cyano-alanine ester (Figure 20-a)*. Only racemic
amino acids products were obtained via this ring-opening method in high radiochemical yield
(30 — 40%, decay-corrected, counted from [''C]JCN). Beside this ring-opening methodology, the
natural amino acids tyrosine (Tyr) and phenylalanine (Phe) were labelled with carbon- 11 via a

modified Bucherer-Strecker synthesis (Figure 20-b)*.
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a)

Figure 20. Selected examples of nucleophilic [''C]cyanation followed by transformation of the

[''C]nitrile functions on aliphatic substrates.
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5.2.2. Development of novel PET radiotracers

["'c] cyanation

and radioligands via nucleophilic

There are critical restrictions in the incorporation of short half-life carbon-11 (t;2» = 20.4 min)

into organic molecules for applications for PET:

1) limited time for reactions (in

seconds/minutes) and purification; 2) biased stoichiometry between radionuclide and all other

substrates in the reaction mixture (i.g. typically submicromolar concentration of cyclotron

generated [''CJHCN); 3) controlled reaction condition to be mild in order to minimize

decomposition of radiotracers that formed. These challenges prevent the application of a number

of high yielding catalytic and even stoichiometric reactions to be applied to the synthesis of

radiolabeled compounds with C-11. Thus there are only a few promising reactions for

introducing C-11 into organic molecules using [''CJHCN as a radioprecursor.
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Generally, nucleophilic [''C]cyanation with [''CJHCN is one of the most common strategies
for C-11 labeling, along with [''C]methylation with [''C]CH5I. Although carrier-added manner
for [''C]cyanations is one way in order to favorably drive the cyanation reaction by balancing
biased stoichiometry in the reaction mixture, only facile methods for no-carrier added
nucleophlic [''C]cyanation is considered in this section (5.2.2.).

Transition-metal mediated [HC]cyanation

Traditionally, transition-metal (i.g. Cr(0), Pd(0), and Cu(1)) mediated cyanation reactions
have been used for preparing C-11 derivatives of aryl rings which occur in biologically important
organic molecules. Among them, the Pd-mediated cyanation of aryl (pseudo)halides is one of
the most promising strategies for simple, rapid cyanation, For instance, [''C]AZD9272 (Figure
21-a) that is a novel metabotropic glutamate receptor 5 (mGluR5) radioligand evaluated in the
non-human primate brain, was prepared via Pd-mediated [''C]cyanation with Pd(Phs), in
presence of KOH and Kryptofix 2.2.2°% 7",

Figure 21. The structures of pharmaceutically and biologically important small radioligand and

complex drug-based radiotracers containing cyano group.
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a) [''C]AZD9272 (mGluR5 radioligand); b) [''C]citalopram (antidepressant); c) [''C]vilazodone

(antidepressant); d) [''C]perampenel (antiepileptic).
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In addition, the most recent discovery by usage of biarylphosphine ligands rather than
traditional Pd ligands (e.g., Phs or bis(diphenylphosphino)ferrocene (dppf)) requiring harsh
reaction conditions (e.g., high temperature, long reaction time, and the use of base) contributed
to facile stoichiometric transmetalation with cyanide and reductive elimination of aryl nitriles at

room temperature in under 5 min’" "> (Figure 22).

Figure 22. Syntheses of C-11 labeled drugs via [''C]cyanation using biaryl phosphine Pd(0)

complexes’
bubbling [""CIJHCN cyclotron
oDl ([CIHEN)— oy
5 min
Ar-Br purification
[(L*Pd) (COD)] —— 3 - ["'CJAr-CN
— — DMF
R,ﬁf . R=tBu rt, 30 min
iPr Br
a5
Pr Ar
Biaryl phosphine ligand
Radiosynthesis of [1'C]aryl nitriles for drugs

Nucleophilic [HC]cyanation without metal catalysts

Sn2 cyanations without metal catalysts also have been widely used under various basic
conditions. In 1973, [l—“C]dopamine was synthesized via carrier-free [''C]cyanation in
presence of base (0.05 M NaOH) followed by hydrogenation and evaluated in mongrel dogs™.
Recently, useful radiotracers such as L—[S—HC]glutamine(’4 (Figure 18-a) and [''CJauxin
(["'CJIAA, plant hormone)” (Figure 23) for both animal and plant studies were developed via

rapid [''C]cyanation in presence of base and cyclic polyether (18-crown-6) without transition
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metal mediation, thereby this type of [''C]cyanation not requiring metal catalyst has attracted

attention of radiochemists.

Figure 23. Synthesis of [''Clindole-3-acetic acid ([''CJIAA) via [''C]cyanation and alkaline

hydrolysis”
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CHAPTER 2.
Synthesis and PET Studies of C-11 Labeled Benzamides for the Prediction of

Blood-Brain Barrier Penetration

1. Abstract

Blood-brain barrier (BBB) permeability is one of the most important criteria for the
development of PET radiotracers as well as for the development of drugs targeting the central
nervous system (CNS). However, there is no quantitative prediction tool for in vivo
pharmacokinetic properties of new radiotracer such as rate constants of plasma-to-brain transfer
(K, which is related to BBB permeability) and brain-to-plasma transfer (k). Instead of relying
on trial-and-error based strategy, we designed a set of model compounds based on benzamide
structures which each have different numbers of hydrogen bonds and other physic-chemical
descriptors to test the quantitative structure-property relationship (QSPR) as a prediction tool for
BBB penetration which we could measure in vivo with PET imaging. Parallel synthesis was
performed to provide seven benzamides and the corresponding nor-precursor molecules for
labelling with carbon-11 (half life: 20.4 min) using [''C]methyl iodide. C-11 labeled benzamides
were purified via semi-prep HPLC and delivered for PET imaging studies in the baboon. The
seven benzamide precursors and corresponding non-radioactive standard benzamides have been
prepared in reasonable yield (> 44 %). Radiosynthesis for labelling of these seven benzamide
compounds with [''C]JCH;I or [''C]CH;OTf was done and gave similar radiochemical yields
(~35 %). For PET studies in baboon, these seven C-11 labeled benzamide compounds were

delivered and injected to female baboon along with collecting blood samples over the time of
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scan (60 min). The concentration of radioactivity in brain (% injected dose/cc) vs time was
measured and the concentration of radioactivity in arterial plasma (corrected from the presence
of labeled metabolites) was measured. Brain uptake was high (0.027%ID/cc) and clearance was
rapid for each member of the series. The calculation of K; and k, from these PET measures of
time-activity-curves (TACs) in brain and plasma and the development and evaluation of a QPSR

tool for predicting BBB penetration of new compounds is on-going at NIH.

2. Introduction

PET is a non-invasive in vivo molecular imaging tool to observe the organ uptake of
radioligands that are designed bind into a specific molecular target in the central nervous system
and other organs. Widely accepted criteria for a good radiotracer include the ability to be
radiolabeled, low toxicity to human at tracer doses, a range of properties involving high
selectivity for the target of interest, the ability to reach the target site, low nonspecific binding,
and high binding affinity’.

The development of new in vivo radiotracers targeting central nervous system (CNS) usually
focuses on screening compounds based on lipophilicity, binding affinity, selectivity, target
density, and labelling feasibility with carbon-11 (half life: 20.4 min) or other short lived positron
emitting nuclides such as fluorine-18%. Central nervous system (CNS) studies require the
radiotracers or drugs to pass the Blood Brain Barrier (BBB), which selectively excludes most
substances from entering the brain. The blood-brain barrier is the most important barrier
between systemic circulation and the central nervous system (CNS) due to its considerably large

surface area, and it shows a major challenge to therapeutic treatment for brain disorders because
46



it is hard to penetrate into brain due to this neuroprotective role'>. To avoid the high attrition of
potential CNS targeted drug candidates for clinical treatment, investigation of prediction of BBB
penetration for new compounds in early research is critically important. Thus the successful
pharmacological treatment of diseases of the brain as well as the development of radiotracers for
studying the brain depends on their ability to cross the BBB. For example, for addictive drugs,
high blood brain barrier penetration and fast uptake are the most likely to result in addiction.
Both cocaine and methamphetamine have these properties”.

Prediction of BBB penetration is important not only for CNS drug development but in also in
the development of PET tracers. In general, blood-brain barrier (BBB) penetration is predicted
through calculated lipophilicity (2 < clogP < 4), molecular weight (MW < 450), polar surface
area (PSA < 70), number of hydrogen-bonds acceptors and donors (HBD = 0 — 1), and pKa (<
0.8) each weighted from 0 to 1.0 (the desirable range was shown for each parameter rather than
suggested limits)*>. A number of trial and error studies for predicting BBB uptake have been
performed but there are still no effective tools to predict whether a specific molecular structure
will penetrate the BBB®. Also the failure of many CNS radiotracer candidates to show
appropriate brain uptake, pharmacokinetics and specificity emphasizes the need to develop and
validate tools with predictive value °.

Generally speaking, there are three different computational approaches to predict BBB
uptake; (1) quantitative structure-activity relationship (QSAR)-based methods, studies
concerning PSA; (2) number of nitrogen and oxygen atoms, clogP; (3) statistical analysis of rat
in vivo logBP (log[brain]/[plasma]) data’.  Traditionally, steady-state blood to brain
concentration ratio (logBB=log(Cin/Coiood)) has been used as a quantitative measure of BBB

penetration. The experimental logBB values can be generated in using animals as part of
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standard pharmacokinetic profiling of compounds. However the actual experimental process is
very complex and there is no uniform standard protocol at present. Furthermore, these
experimental measurements are generally made over several hours, with several animals required
per data point, so they are costly and labor intensive’. Thus computer assisted drug design
methodologies (CADD), such as quantitative structure-property and/or structure-activity
relationship studies (QSPR or QSAR, respectively) have been developed to predict clogBB
(computed logBB) and commonly used as an important tool in the design and development of
new drugs and novel leads®. QSAR/QSPR modeling, first developed by Hansch et al.,* has been
invaluable for understanding BBB permeability by predicting logBB. Also, QSAR/QSPR
methods for the clogBB have been well reviewed by several research groups’.

In recent years, however, it has been observed that logBB may not reflect the BBB
permeability in the brain since it is highly influenced by the steady state blood to brain
concentrations'’. In fact, BBB penetration is a relatively early event after the drug enters the
bloodstream and is highly correlated with the dynamical passive diffusion process. Therefore,
one suggestion to replace logBB is the permeability-surface area (PS) product, an estimate of the

. 10a, 11
net influx clearance ™ .

For calculating the PS, there are still experimental limitations,
similarly with logBB, and so computational prediction modeling has been developed'?. However
some drawbacks still exist, for example, very small datasets generalized the data from different
sources and the represented molecular sizes ranges were inconsistent (too wide/broad).
Permeability-surface area product (PS) is the major factor influencing the uptake/influx rate

constant, K;, developed by Renkin and Crone". K, might be the best parameter to show

quantitative value of which a compound can transport from blood into brain dynamically. Since
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K, is related to early time points of event and is very dynamic term, the research for developing
and validating a predictive model has not been yet completed.

QSAR based model is correlated in vivo logBB (log [brain]/[blood]) with various diverse
descriptors from the simple, logP or PSA which is related to the number of polar atoms, N, O,
and H, in the molecule, to the linear free-energy relationship (LFER) descriptors'. Our ultimate
goal is to build up a reliable prediction method based on QSAR for BBB permeability, which can
be used for PET radiotracer development. In this study, we considered a set of model
compounds based on the benzamide structure, which is widely used in the drug and radiotracer
R&D to introduce a novel prediction tools based on QSPR. We designed structurally well-
defined benzamide derivatives with different numbers of hydrogen bonds but which are not
known to bind to any cellular element. Lack of specific binding for this benzamide series is
intentional to avoid introducing another variable into this complex system. In addition to lack of
known specific binding, this series had the following characteristics: 1) molecular weight (MW)
< 500; 2) no anionic charge in physiological pH; 3) limited lipophilicity (0 < logPS < 3); 4)
parallel synthesis available for precursor and reference compounds; 5) rapid radiosynthesis via
N-or O-methylation using [''C]Mel or [''C]MeOTf in one-step

As an initial strategy for the development of a QSPR model for predicting BBB penetration
of new compounds, we (1) designed a series of seven structurally well-defined benzamides
having a range of physico-chemical descriptors; (2) synthesized their nor-precursors for labelling
and the non-radioactive benzamides as authentic standards; (3) radiolabeled the nor-precursor
with [''C]methyl iodide or [''C]methyl triflate and purified and formulated them for PET
studies; (4) measured the brain uptake and clearance of each [''C]benzamide with PET imaging

over a 90 minute experimental period; (5) measured the plasma uptake and clearance and
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correction for the presence of labelled metabolites for each baboon study. The calculation of K,
and k, from these PET measures of time-activity-curves (TACs) in brain and plasma and the
development and evaluation of a QPSR tool for predicting BBB penetration of new compounds

is on-going at NIH.

3. Experimental details

All chemicals and solvents were purchased from Aldrich Chemical (Milwaukee, W1, USA).
NMR spectra were recorded by using a Bruker Avance 400 MHz NMR spectrometer (Bruker
Instruments, Billerica, MA, USA). [''C]Methyl iodide was produced by PETtrace Mel Microlab
(GE Medical Systems, Milwaukee, WI, USA) from [''C]carbon dioxide, which was generated
from a nitrogen/oxygen (1000 ppm) target ['*N(p,0)''C] using EBCO TR 19 cyclotron
(Advanced Cyclotron Systems, Richmond, Canada). High-performance liquid chromatography
(HPLC) purification was performed by a Knauer HPLC system (Sonntek, Woodcliff Lake, NJ,
USA) with a model K-5000 pump, a Rheodyne 7125 injector, a model 87 variable wavelength
monitor and Nal radioactivity detector. During the radiosynthesis, ''C was measured by three p-
type/intrinsic/n-type (PIN) diode detectors (3%x3 mm Si diode, Carroll Ramsey Associates,
Berkeley, CA) equipped with a triple-channel amplifier (model 101-HDC-3; Carroll Ramsey
Associates, Berkeley, CA, USA) and NI USB- 6008 (National Instruments, Austin, TX, USA).
Radioactivity of [''C]benzamides was measured by a Capintec CRC-712MV radioisotope

calibrator (Capintec, Ramsey, NJ, USA).
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Table 1. Structures of unlabelled and labelled benzamide derivatives containing different

number of hydrogen bonds.

Re
Rs Ra
N
R, R: R
H-
Compd R1 R2 R3 R4 R5 R6
bonds*

Nor-1 -H -H -H -H Carbonyl -H N/A
Nor-2 -NMe, -H -H -H Carbonyl -H N/A
Nor-3 -H -OH -H -H Carbonyl -H N/A
Nor-4 -H -OH -CH; -OCH; Carbonyl -H N/A
Nor-5 -NH, -OH -CH; -H Carbonyl -H N/A
Nor-6 -H -H -H -H -H -H N/A
Nor-7 phenyl -H -H -H Carbonyl  #-Bu phenyl N/A

1 -H -H -CH; -H Carbonyl -H 2

2 -NMe, -H -CH; -H Carbonyl -H 3

3 -H -OCH; -H -H Carbonyl -H 4

4 -H -OCH; -CH; -OCH; Carbonyl -H 5

5 -NH, -OCH; -CH; -H Carbonyl -H 6

6 -H -H -CHj; -H -H -H 1

7 phenyl -H -CH; -H Carbonyl  #-Bu phenyl 2
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["'cin -H -H -'CH; -H Carbonyl -H 2

[''cy2 -NMe, -H -'CH; -H Carbonyl -H 3
[''ci3 -H -0''CH; -H -H Carbonyl -H 4
[''cl4 -H -0''CH;  -CH; -OCH;  Carbonyl -H 5
[''cys -NH, -O'"CH; -CH; -H Carbonyl -H 6
[''cle -H -H -'CH; -H -H -H 1
[''cy7 phenyl -H -''CH; -H Carbonyl  #-Bu phenyl 2

* Counts of hydrogen-bonds acceptors and donors (HBD) (e.g., O, N, and H); the counts of HBD

was not applicable for nor-compounds.

3.1. Cold synthesis of benzamide derivatives

Figure 1. Parallel synthesis of precursors and reference compounds of seven benzamides

(through nor 1 to nor 7; through 1 to 7)

o /@ _NaH,Mel
N THF rt, 3hr
60% CH3

Nor-1
(from Sigma Aldrich®)

o) @ o
ﬁ J@ PyBOP J@)LN NaH, Mel N
_—
H2N H I
Me,N DIPEA, DMF Me,N THErt,3hr < CH3

r.t, 36 hr 44% |
85% Nor-2 2
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3.1.1. General procedure of N-methylation of amide on benzamide derivatives [A]

We modified the procedure of Chabaud et al'*. To a suspension of NaH (95% in mineral oil,
3.04 mmol) in dry THF (13mL) at r.t, a solution of benzamide derivative (1.52 mmol) in dry
THF (12 mL) was added dropwise. The solution was stirred for 15 min and Mel (0.66 ml, 10.65
mmol) was added. The reaction mixture was stirred for 3 h. After addition of distilled water, the
aqueous layer was extracted with ethyl acetate. The combined organic layers were washed with
brine (3 X 10mL) and dried over MgSO4. The crude mixture was purified by flash
chromatography on silica gel.

N-methyl-N-phenyl-benzamide, 1

S

Experiment was performed as described in [A]. Starting material (benzanilide, nor-1) was
purchased from Sigma-Aldrich®. 1 was produced as 0.19 g of a yellow oil in 60% yield. 'H
NMR (400 MHz, CDCls): 6 7.28-7.30 (d, 6.8 Hz, 2H), 7.21-7.24 (m, 3H), 7.12-7.18 (q, 5.2 Hz,
3H), 7.03-7.05 (d, 8 Hz, 2H), 3.51 (s, 3H). C NMR (100 MHZ, CDCl;): § 170.90, 145.14,
136.14, 129.79, 129.34, 128.92, 127.93, 127.13, 126.68, 38.61. MS (ESI): m/z [M+H] calcd for
Ci4H13NO 211.10 found 212.1.

N-methyl-N-phenyl-4-dimethylaminobenzamide, 2

o @
og
\T CH3
Experiment was performed as described in [A]. 2 was produced as 47 mg of a pale yellow

solid in 44% yield. "H NMR (CDCls;, 400MHz): § 7.72-7.86 (d, 6.8 Hz, 2H), 7.6-7.69 (m, 2H),
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7.11-7.18 (m, 1H), 7.06-7.08 (d, 8 Hz, 2H), 6.41-6.43 (d, 8 Hz, 2H), 3.48 (s, 3H), 2.91 (s, 6H).
BC NMR (100 MHZ, CDCl5): 6§ 170.92, 151.37, 146.37, 131.24, 129.31, 126.99, 126.06, 122.53,
110.61, 40.21, 38.99. MS (ESI): m/z [M+H+] calced for C14H1sN,O 254.14 found 255.1.

N-phenyl-4-dimethylaminobenzamide, nor-2

2 O
XY~ °N

I/ H
N

We modified the procedure of Baures et al'’. 4-Dimethylamino benzoic acid (0.5 g, 0.61
mmol), diisopropyl ethyl amine (0.58 mL, 0.67 mmol), and aniline (0.42 g, 0.91 mmol) were
dissolved in anhydrous DMF (10 mL) and stirred for 5 min. PyBOP (2.36 g, 0.91 mmol) was
added and the mixture was stirred 36 h at r.t. A saturated solution of Na,CO; was added and the
product extracted with EtOAc (3 X 10mL). The organic layers were washed with 1M HCI (3 X
10mL) then extracted with EtOAc after adding a saturated solution of Na,COs again. The
organics were dried over MgSOy. The crude mixture was purified through silica gel (HE:EtOAc
(3:1)) to afford 0.12 g of a white solid, nor-2, in reasonable yield (85%). '"H NMR (CDCl;,
400MHz): § 7.72-7.86 (d, 6.8 Hz, 2H), 7.6-7.69 (m, 2H), 7.31-7.4 (m, 2H), 7.13-7.22 (m, 1H),
6.72-6.75 (q, 4.5 Hz, 2H), 3.06 (s, 6H). *C NMR (100 MHZ, CDCl5): §165.86, 162.91, 138.67,
129.22, 128.80, 124.14, 121.51, 120.21, 111.37, 40.33. MS (ESI): m/z [M+H"] caled for
Ci5sH16N20 240.13 found 241.1.

3.1.2. General procedure of formation of amide to prepare benzamide derivatives [B]
To a solution of o-aminophenol derivative (2.13 mmol) in dichloromethane (6 ml) were added
triethylamine (0.43 mmo) and benzoyl chloride (2.13 mmol). The reaction mixture was stirred at

room temperature overnight. After 24 hours later, the reaction was quenched with distilled water
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(10ml) then the mixture was extracted with dichloromethane. The organic layer was washed with
5% NaHCOs and 1M HCI and dried over CaSO4. The solvent was evaporated under reduced
pressure. The residue was purified by isorela (eluent: EtOAc/n-hexane = 1/3).

N-(2-hydroxyphenyl)benzamide, nor-3

oM

Experiment was performed as described in [B]. Nor-3 was obtained in 83% chemical yield
as white powder. "H NMR (CDCls, 400MHz): & 8.60-8.63 (d, 12 Hz, 1H), 8.10-8.15 (d, 20 Hz,
1H), 7.90-7.92 (d, 8 Hz, 2H), 7.61-7.63 (m, 3H), 7.16-7.19 (m, 1H), 7.07-7.10 (d, 12 Hz, 1H),

6.91-6.95 (t, 16 Hz, 1H). MS (ESI): m/z [M+H"] calcd for C;3H;;NO, 213.24 found 214.1.

N-methyl-N-(2-methoxyphenyl)benzamide, 3

MY

Experiment was performed as described in [B]. 3 was obtained in 87% chemical yield as
pale yellow liquid. '"H NMR (CDCl3, 400MHz): 6 8.53-8.55 (d, 8 Hz, 1H), 7.86-7.91 (d, 20 Hz,
2H), 7.48-7.56 (m, 3H), 7.08-7.11 (t, 12 Hz, 1H), 7.03-7.07 (t, 16 Hz, 1H), 6.92-6.94 (d, 8 Hz,

1H), 3.93 (s, 3H). °C NMR (100 MHZ, CDCls): § 165.50, 148.35, 135.55, 131.91, 128.97,

128.00, 127.27, 124.09, 121.44, 120.07, 110.14, 56.03.

N-(2-hydroxy-4-methoxyphenyl)benzamide, nor-4
o) 0.
N
H' on
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Experiment was performed as described in [B]. Nor-4 was obtained in 90 % chemical yield
as a white powder. '"H NMR (CDCls, 400MHz): 6 8.10-8.15 (d, 20 Hz, 1H), 7.89-7.91 (d, 8 Hz,
2H), 7.49-7.53 (m, 3H), 6.98-7.01 (d, 12 Hz, 1H), 6.87-6.88 (d, 4 Hz, 1H), 6.73-6.78 (d, 20 Hz,
1H), 3.87 (s, 3H), 3.75 (S, 3H). >C NMR (100 MHZ, CDCl;): § 167.05, 153.85, 142.33, 132.64,
130.43, 129.13, 129.11, 129.08, 127.53, 127.11, 119.93, 112.64, 107.73, 56.04. MS (ESI): m/z
[M+H+] calced for C14H13NO3 243.09 found 244.1.

N-(2-methoxy-4-methoxyphenyl)benzamide, 4

0 .
N
H o

~

Experiment was performed as described in [B]. 4 was obtained in 84 % chemical yield as
pale brown liquid. 'H NMR (CDCls, 400MHz): & 8.60 (s, 1H), 7.86-7.91 (d, 20 Hz, 2H), 7.48-
7.58 (m, 3H), 6.83-6.85 (d, 8 Hz, 1H), 6.61-6.63 (d, 8 Hz, 1H), 3.89 (s, 3H), 3.80 (s, 3H). °C
NMR (100 MHZ, CDCl;): 6165.45, 154.17, 142.56, 135.40, 131.99, 128.99, 127.23, 110.94,
109.13, 106.07, 56.54, 56.04. MS (ESI): m/z [M+H+] calcd for C1sH1sNO3 257.11 found 258.0.

N-methyl-N-(2-methoxyphenyl)-4-nitrobenzamide, 5a

(o]
ﬁ \
ON RN

Experiment was performed as described in [B]. N-methyl-N-(2-methoxyphenyl)-4-
nitrobenzamide was produced in 88% chemical yield as yellow powder. 'H NMR (CDCls,
400MHz): § 7.98-8.00 (d, 8Hz, 2H), 7.44-7.46 (d, 8Hz, 2H), 7.13-7.18 (t, 20Hz, 1H), 7.04-7.06
(d, 8Hz, 1H), 6.81-6.85 (t, 16Hz, 1H), 6.76-6.78 (d, 8Hz, 1H), 3.74 (s, 3H), 3.39 (s, 3H). °C
NMR (100 MHZ, CDCl3): 6 154.26, 147.94, 142.64, 132.39, 129.52, 128.99, 128.70, 124.05,
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123.67, 122.74, 121.12, 111.89, 55.32, 37.05. MS (ESI): m/z [M+H'] caled for CisHisN,04
286.10 found 287.0.

N-methyl-N-(2-methoxyphenyl)-4-aminobenzamide, 5

(o]
ﬁ )
H N 0.

N-methyl-N-(2-methoxyphenyl)-4-nitrobenzamide (300 mg, 1.0 mmol) which is synthesized
was dissolved in methanol (15 ml) and Pd/C 10% (100 mg) was added as catalyst to the reaction
solution. Pressurized hydrogenation with H, (40 psi) was performed overnight. The crude
product was filtered through celite and dried over CaSOs. Purification was performed by
isolera™ (Biotage) (eluent: EtOAc/n-hexane = 1/1). The precursor of 5 was obtained in 90%
chemical yield as a white powder. '"H NMR (CDCl;, 400MHz): § 7.13-7.15 (d, 8 Hz, 3H), 7.00-
7.02 (d, 8 Hz, 1H), 6.80-6.82 (d, 8 Hz, 2H), 6.37-6.39 (d, 8 Hz, 2H), 3.75 (S, 3H), 3.32 (S, 3H).
C NMR (100 MHZ, CDCls): 8171.59, 154.38, 147.63, 134.41, 130.08, 129.13, 128.21, 126.07,
120.82, 113.44, 111.82. MS (ESI): m/z [M+H] calcd for C;5sH;sN,O, 256.12 found 257.1.

N-(2-methoxyphenyl)-4-aminobenzamide, nor-5

Nor-5 (40 mg) was dissolved in anhydrous dichloromethane (4ml). BBr; 1M solution in
dichloromethane was slowly added for 5 min at -78 C° under Ar and stirred for 10 min at the
same temperature. The reaction mixture was stirred for lhr at -10 C°. Reaction was warmed up
to 0 C° and stirred for 30 min then slowly warmed up to r.t and stirred for 36 hr. Reaction was

quenched with brine (10 ml) and extracted with ethyl acetate. The organic layer was neutralized
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with saturated NaHCOj; solution and washed with brine again then dried over CaSQ,4. (LC-MS
check: only starting material was detected in aqueous layer and major product with minor
starting material were detected in organic layer (starting material MW 256.12-> MS peak at 257,
product MW 242.11-> MA peak at 243). On TLC, R¢value of product (nor-5) was 0.23 and that
of starting material (5) was 0.25 with eluent HE: EA=1:1 condition. A pale yellow oil type pure
nor-5 was separated from minor starting material by Isolera™ with gradient eluent system.
Chemical yield was 75%. HR-LCMS: m/z [M+H+] calcd for C14H14N,0O5, 242.11 found 243.0.

N-methyl-N-benzylaniline, 6

S

In a 5 mL vial, commercially available N-benzylaniline (Sigma-Aldrich®) and 37% aqueous
paraformaldehyde (10 equiv) were dissolved in MeCN. Acetic acid (15 equiv) was added and the
reaction mixture was stirred at rt for 10 min. Then, the reaction was cooled down to 0 °C and
sodium cyanoborohydride (1.3 equiv) was added in two portions over 10 min. The reaction was
allowed to stir from 0 °C to rt for 16 hr. The reaction was quenched with a saturated aqueous
NaHCO; solution and then extracted with Et,O. The combined organic layers were dried over
NaSOQ,. After filtration, the solvent was removed under reduced pressure. The crude 6 was
purified with Isolera™ under gradient elution with combination of hexane and ethyl acetate. The
pure product was obtained as a clear oil (89 %). 'H-NMR (CDCl;, 400MHz): §7.29-7.33 (m,
3H), 7.19-7.24 (m, 2H), 6.73-6.76 (t, 12 Hz, 3H), 6.69-6.71 (d, 8 Hz, 2H), 4.54 (s, 2H), 3.02 (s,

3H). MS (ESI): m/z [M+H"] caled for C4H;sN 197.28 found 198.1.
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4-Phenylbenzoyl chloride, 7a

o

4-biphenylcarboxylic acid (1.7 g, 8.56 mmol) was suspended in dry dichloromethane (10 ml)
and 3.67 ml of oxalyl chloride (42.78 mmol) was added dropwise over 10 min.
Dimethylformamide (DMF, 0.1 mL) was added and the solution was stirred at r.t for 4 hrs under
Ar. The excess oxalyl chloride was evaporated under vacuum to provide a quantitative yield of
4-biphenylcarbonyl chlroride as a pale yellow solid. 7a was used for Suzuki coupling with 7b
and 7c without purification. Proton NMR was taken with crude product after workup. '"H NMR
(CDCl3, 400MHz): 6 8.19-8.21 (d, 12 Hz, 2H), 7.72-7.75 (d, 12 Hz, 2H), 7.63-7.66 (d, 12 Hz,
2H), 7.42-7.52 (m, 3H).

N-(3-Bromophenyl)-4-phenylbenzamide, 7b

Experiment was performed as described in [B]. N-(3-Bromophenyl)-4-phenylbenzamide was
obtained in 90% chemical yield as a white powder. 'H NMR (CDCls, 400MHz): § 7.92-7.94 (d,
8 Hz, 2H), 7.87 (s, 1H), 7.72-7.74 (d, 8 Hz, 2H), 7.65-7.67 (d, 8 Hz, 1H), 7.44-7.48 (t, 16 Hz,
2H), 7.41-7.43 (d, 8Hz, 1H), 7.17-7.30 (m, 1H). >C NMR (100 MHZ, CDCls): & 145.21, 139.96,
139.42, 133.29, 130.92, 130.60, 129.21, 128.43, 127.78, 127.74, 127.45, 127.39, 123.30, 122.97,

118.81. MS (ESI): m/z [M+H+] calced for C9H14BrNO 351.03 found 352.0.
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N-methyl-N-(3-bromophenyl)-4-phenylbenzamide, 7c

Br

Experiment was performed as described in [B]. N-methyl-N-(3-bromophenyl)-4-
phenylbenzamide was obtained in 88 % chemical yield as a white powder. 'H NMR (CDCls,
400MHz): § 7.53-7.55 (d, 8 Hz, 2H), 7.43-7.46 (t, 16 Hz, 3H), 7.37-7.39 (d, 8 Hz, 2H), 7.35-7.37
(d, 8 Hz, 1H), 7.31-7.33 (d, 8 Hz, 2H), 7.29-7.31 (d, 8 Hz, 1H), 7.06-7.10 (t, 16 Hz, 1H), 6.94-
6.96 (d, 8 Hz, 1H), 3.51 (s, 3H). >C NMR (100 MHZ, CDCls): § 170.47, 146.47, 142.86,
140.18, 134.28, 130.55, 129.81, 129.79, 129.49, 129.01, 128.00, 127.28, 126.76, 126.02, 122.71.
MS (ESI): m/z [M+H] calcd for C20H;¢BrNO 365.04 found 366.0.

3.1.3. General procedure of Suzuki coupling to prepare benzamide derivatives [C]

In 5 mL vial, distilled water (1 mL) was flushed with Ar for 5 min and then 2 mL of toluene
was added by flushing with Ar. The solvent mixture was flushed with Ar for additional 5 min. 4-
t-butyl phenyl boronic acid (0.22 mmol), N-(3-bromophenyl)-4-phenylbenzamide/ N-methyl-N-
(bromophenyl)-4-phenylbenzamide (0.17 mmol), K,COs  (0.68 mmol), and
tetrakis(triphenylphosphine)palladium(0) (0.071 mmol) were added into the solvent mixture. The
reaction vessel was capped tightly and stirred at 100°C for 10 min with monitoring of the color
change. The color of the mixture was turned from orange to dark brown. The mixture was stirred
at 100°C for additional 16 hr and then cooled down to r.t. The biphasic solution was diluted with
saturated aqueous NH4Cl and dichloromethane and separated. The aqueous phase was extracted

with ethyl acetate and the combined organic phases were washed by saturated aqueous NaHCOj3.
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The organic phase was dried over Na,SO,4 and filtered. Purification of the crude material was

performed by Isolera with gradient elution.

N-(3-tertButylphenyl)phenyl-(4-phenyl)benzamide, nor-7

t-Bu

Experiment was performed as described in [C]. Nor-7 was obtained in 63 % chemical yield
as a white powder. "H-NMR (CDCls, 400MHz): 6 7.97-7.99 (d, 8 Hz, 2H), 7.88-7.90 (d, 8 Hz,
2H), 7.73-7.75 (d, 8 Hz, 2H), 7.64-7.66 (d, 8 Hz, 3H), 7.55-7.57 (d, 8 Hz, 2H), 7.51-53 (d, 8 Hz,
2H), 7.49-7.51 (d, 8 Hz, 2H), 7.47-7.49 (d, 8 Hz, 1H), 7.45-7.47 (d, 8 Hz, 1H), 7.41-7.43 (d, 8
Hz, 1H), 7.39-7.41 (d, 8 Hz, 1H), 1.37 (s, 9H). °C NMR (100 MHZ, CDCl;): § 165.66, 150.82,
144.95, 142.32, 140.09, 138.53, 137.91, 133.80, 129.68, 129.19, 128.35, 127.80, 127.69, 127.46,
127.05, 125.95, 123.49, 119.05, 119.00, 34.77, 31.57. MS (ESI): m/z [M+H'] caled for

C29H27NO 405.21 found 406.2.

N-methyl-N-(3-tertbutylphenyl)phenyl-(4-phenyl)benzamide, 7

t-Bu

2L
A N

x 2 CH,

=

Experiment was performed as described in [C].  N-methyl-N-(3-bromophenyl)-4-

phenylbenzamide (0.164 mmol, 19 mg), 7, was obtained in 70% chemical yield as a white
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powder. "H-NMR (CDCl3, 400MHz): 6 7.97-7.99 (d, 8 Hz, 2H), 7.88-7.90 (d, 8 Hz, 2H), 7.73-
7.75 (d, 8 Hz, 2H), 7.64-7.66 (d, 8 Hz, 3H), 7.55-7.57 (d, 8 Hz, 2H), 7.51-53 (d, 8 Hz, 2H), 7.49-
7.51 (d, 8 Hz, 2H), 7.47-7.49 (d, 8 Hz, 1H), 7.45-7.47 (d, 8 Hz, 1H), 7.41-7.43 (d, 8 Hz, 1H),

7.39-7.41 (d, 8 Hz, 1H), 3.58 (s, 3H) 1.37 (s, 9H).

3.2. Rapid radiolabeling and purification of the nor-precursors with carbon-11

Figure 2. Strategic adiosynthesis of seven benzamides with [''C]CH;I and [''C]CH;OTf
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3.2.1. General procedure of radiosynthesis to label benzamides with C-11 [D]

NaOH (6N, 5ul) was added to a V-shaped reaction vessel and the benzamide derivative
precursor (1 mg) in DMF (300 pl) was also added in to the vessel. After mixing by vortex for a
few seconds, the reaction mixture was warmed to 90°C for 1 min and switched to ice bath.
[''C]methyl iodide was purged into the solution at 0°C and peak trapping was observed by a pin-
diode detector. After the reaction mixture was heated to 90°C for 3 min, cooled and diluted with
high-performance liquid chromatography (HPLC) isocratic eluent (1.0 ml). C-11 labeled product
was purified at flow rate 1 ml/min on Luna PFP(2) column (250 X 10 mm, 5 pm particles). After
separating the labeled product via HPLC, the solvent was removed by using rotary evaporation.
The addition of 10 ml of sterile water 3 times every 2 min was needed to avoid volatilization of
the product for; ["'cj3, [''C)4, [M'Cl6.

3.2.2. General procedure of quality control for [''C]benzamide derivative analysis [E]

For quality control, analytical TLC and HPLC were performed. [''C]N-methyl-N-phenyl-
benzamide and C-11 labeled benzamide compounds were cospotted with non-radioactive
standard and non-labeled benzamide compound and analyzed by radio TLC. Analytical HPLC
was fulfilled by using Phenomenex Luna PFP column (250 X 4.6 mm, 5 um particles) using

1socratic elution at flow rate of 1.0 ml/min over 20 min.
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[" CIN-methyl-N-phenyl-benzamide, [ C]1

©)J1\10H3

KOH (5 M, 1pl) was added to benzanilide (1 mg) which was purchased from Sigma-
Aldrich® in DMF (300 pl). After mixing by vortex for a few seconds, the reaction mixture was
transferred into a V-shaped reaction vessel. The reaction solution was warmed to 60 °C for 1 min
and switched to ice bath. [''C]methyl iodide was purged into the solution at 0°C and peak
trapping was observed by pin-diode detector. After the reaction mixture was heated to 90°C for 3
min, it was cooled and diluted with high-performance liquid chromatography (HPLC) isocratic
eluent (1.0 ml) (acetonitrile: 0.1 M (aq) ammonium formate (40:60)). [“C]N—Methyl—N—phenyl—
benzamide was purified at flow rate 1 ml/min on Luna PFP(2) column (250 X 4.6 mm, 5 um
particles). [''C]N-Methyl-N-phenyl-benzamide, [''C]1, was eluted (retention time 15.7—18.5
min) and the solvent was removed by using rotary evaporator by adding 10 ml of sterile water 3
times in every 2min to avoid volatilization of [''C]1.

For quality control, general procedure [E] was performed. Radio TLC: (HE:EtOAc (4:1), Ry
= 0.28). Isocratic elution for analytical HPLC: (acetonitrile: 0.1 M (aq) ammonium formate
(60:40)). Based on this analysis, [''C]1 eluted at 18.9 min. Radiochemical yield was 90 %
(decay-corrected) and synthesis time was 20 — 25 min (from radioactivity trapping, 40 — 45 min
from EOB). log D 2.36. PPB 90 %

[HC]N-methyl-N-phenyl—4—dimethylaminobenzamide, [cj2

/©)J;CH3
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N-Phenyl-4-dimethylaminobenzamide (1 mg) was dissolved in DMF (300 pl) and transferred
into a V-shaped reaction vessel. After adding NaH (5 mg) to the solution, the reaction solution
was mixed by vortex for a few seconds. The reaction vessel was warmed to 60°C for 1 min and
switched to ice bath. [''C] methyl iodide was purged into the solution at 0°C and peak trapping
was observed by pin-diode detector. After the reaction mixture was heated to 90°C for 3 min,
cooled and diluted with HPLC isocratic eluent (1.0 ml) (acetonitrile: 0.1M (aq) ammonium
formate (50:50). [''C]N-methyl-N-phenyl-4-dimethylaminobenzamide, [''C]2, was purified at
flow rate 1 ml/min on Luna PFP(2) column (250 X 4.6 mm, 5 um particles). [“C]N—methyl—N—
phenyl-4-dimethylaminobenzamide, [''C]2, was eluted (retention time 10.2—12.8 min) and the
solvent was removed by rotary evaporation.

For quality control, general procedure [E] was performed. Radio TLC: ((HE:EtOAc (4:1), Ry
= 0.28). Isocratic elution for analytical HPLC: (acetonitrile: 0.1 M (aq) ammonium formate
(60:40)). Based on this analysis, [''C]N-methyl-N-phenyl-benzamide eluted at 11 min.
Radiochemical yield was 86 % (decay-corrected) and synthesis time was 20 — 25 min (from
radioactivity trapping, 40 — 45 min from end of bombardment (EOB)). log D 2.68.

[HC]N-methyl-N-(2—metho)qyphenyl)benzamide, [HC]3

L
el
"CH,

Radiosynthesis was performed by the general procedure [D]. High-performance liquid

chromatography (HPLC) isocratic eluent: (acetonitrile: 0.1 M (aq) ammonium formate (50:50)).

[''C]3 was eluted (retention time 11.2 min) and the solvent was removed by rotary evaporation

by adding 10 ml of sterile water 3 times in every 2min to avoid volatilization of [''C]3.
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For quality control, general procedure [E] was followed. Radio TLC: ((HE:EtOAc (1:1), R¢=
0.81). Isocratic elution for analytical HPLC: ((acetonitrile: 0.1 M (aq) ammonium formate
(50:50)): acetonitrile (50:50)). Based on this analysis, [''C]3 eluted at 8.4 min. Radiochemical
yield was 59 % (decay-corrected) and synthesis time was 30 — 35 min (from trapping
radioactivity, 50 — 55 min from EOB). log D 2.47. PPB 97%.

[HC]N-(Z-methoxy-4—meth0)qyphenyl)benzamide, [HC]4

(o] 0\
B
= H (0}

11CH,
Radiosynthesis was performed by following procedure [D]. High-performance liquid
chromatography (HPLC) isocratic eluent: (acetonitrile: 0.1 M (aq) ammonium formate (50:50)).
[''C]4 was eluted (retention time 13.9 min) and the solvent was removed by rotary evaporation

by adding 10 ml of sterile water 3 times every 2 min to avoid volatilization of [''C]4.

For quality control, general procedure [E] was followed. Radio TLC: ((HE:EtOAc (1:1), R¢=
0.81). Isocratic elution for analytical HPLC: ((acetonitrile: 0.1 M (aq) ammonium formate
(50:50)): acetonitrile (50:50). Based on this analysis, [''C]4 eluted at 8.5 min. The highest
radiochemical yield of [''C]4 in practice run was 72 % (decay-corrected) and synthesis time was
30 min (from trapping radioactivity, 50 — 55 min from EOB). log D 2.85. PPB 97 %

[HC]N-methyl-N-(Z—methoxyphenyl)-4—amin0benzamide, [”C]5

67



Radiosynthesis was performed by following procedure [D]. High-performance liquid
chromatography (HPLC) isocratic eluent: (acetonitrile: 0.1 M (aq) ammonium formate (35:65)).
[''C]5 was eluted (retention time 9.8 min) and the solvent was removed by using rotary
evaporation under reduced pressure.

For quality control, general procedure [E] was followed. Radio TLC: ((HE:EtOAc (1:1), R¢=
0.35). Isocratic elution for analytical HPLC: ((acetonitrile: 0.1 M (aq) ammonium formate
(60:40)): acetonitrile = 40:60). Based on this analysis, pure [''C]5 eluted at 5.3 min.
Radiochemical yield was 67 % (decay-corrected) and synthesis time was 30 — 35 min (from
trapping radioactivity, 50 — 55 min from EOB). log D 2.17. PPB 28 %

[" C|N-methyl-N-benzylaniline, [ C]6

N
11CH3

Commercially available N-benzylaniline (nor-6) from Sigma-Aldrich (I mg) in 2-butanone
(300 pl) was added to a V-shaped reaction vessel. After mixing by vortex for a few seconds, the
reaction mixture was cooled down with ice bath for trapping C-11 methyl-triflate. [''CJmethyl
triflate was purged into the solution at -10°C and peak trapping was observed by pin-diode
detector. After the reaction mixture was heated to 75°C for 3 min, cooled and diluted with high-
performance liquid chromatography (HPLC) eluent (1.0 ml) (acetonitrile: 0.1 M (aq) ammonium
formate (60:40)). After injection of the hot crude product, the resulting mixture was purified with
gradient HPLC system at flow rate 1 ml/min on Luna PFP(2) column (250 X 10 mm, 5 um
particles) and the whole prep HPLC procedure was monitored. [''C]6 was eluted (retention time
24.3 min). 0.1 mL of 1M aqueous solution was added to the collected product and the solvent

was removed by using rotary evaporation under reduced pressure.
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For quality control, general procedure [E] was followed. Radio TLC: ((HE:EtOAc (10:1), Ry
= 0.8). Isocratic elution for analytical HPLC: ((acetonitrile: 0.1 M (aq) ammonium formate
(60:40)): acetonitrile = 40:60). Based on this analysis, pure [''C]6 ecluted at 5.3 min.
Radiochemical yield was 87 % and synthesis time was 30 — 35 min (from trapping radioactivity,
50 — 55 min from EOB). log D 2.61. PPB 60 %.

[HC]N-methyl-N-(3-tertbutylphenyl)phenyl—(4—phenyl)benzamide, a7

t-Bu

2 L
A N

)
= 11CH3

/

NaH in a V-shaped reaction vessel was decanted with hexane and dried over argon. To the
reaction vessel nor-7 (1 mg) dissolved in DMF (300 pl) was added. After mixing by vortex for a
few seconds, the reaction mixture was warmed to 110°C for 1 min and switched to an ice bath.
[''C]Methyl iodide was purged into the solution at 0°C and peak trapping was observed by pin-
diode detector. After the reaction mixture was heated to 110°C for 3 min, it was cooled and
diluted with high-performance liquid chromatography (HPLC) eluent (1.0 ml) (acetonitrile: 0.1
M (aq) ammonium formate (40:60)). [''C]SJ-8 was purified with gradient system at flow rate 1
ml/min on Luna PFP(2) column (250 x 10 mm, 5 pm particles). [''C]7 was eluted (retention
time 18 min) and the solvent was removed by using rotary evaporator under reduced pressure.

For quality control, general procedure [E] was followed. Radio TLC: ((HE:EtOAc (4:1),
R#=0.3). Isocratic elution for analytical HPLC: ((acetonitrile: 0.1 M (aq) ammonium formate

(50:50)): acetonitrile (50:50)). Based on this analysis, [''C]7 eluted at 7.6 min. Radiochemical
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yield was 85 % and synthesis time was 25 — 30 min (from trapping radioactivity, 45 — 50 min

from EOB). log D 3.75. PPB 84 %.

4. PET study in baboon

All animal studies were reviewed and approved by the Brookhaven Institutional Animal Use
and Care committee. A baboon was anesthetized with ketamine (10 mg/kg) and then intubated
and ventilated with a mixture of isoflurane (Forane, 1-4%) and nitrous oxide (1500 ml/min) and
oxygen (800 ml/min). The baboon was transported to and from the PET facility in a temperature
controlled transfer cage and a member of the staff attended them while the animal recovered
from anesthesia. Catheters were inserted in a popliteal artery and radial arm vein for arterial
sampling a radiotracer injection respectively. Dynamic PET imaging was carried out on a
Siemen's HR-+high resolution, whole body PET scanner (4.5%4.5x4.8 mm at center of field of
view) in 3D acquisition mode, 63 planes. A transmission scan was obtained with a **Ge rotating
rod source before the emission scan to correct for attenuation before each radiotracer injection.
During the PET scan, the baboon was monitored for heart rate, respiration rate, PO, and
temperature. The baboon was allowed 4 weeks between studies to recover from anesthesia and
blood sampling.

The radiosynthesis was performed by above 3.2. Rapid radiolabeling and purification of
the nor-precursors with carbon-11. Seven [''C]labeled benzamide compounds were obtained
in water/acetonitrile solvent (15 — 20 mL) from semi-preparative HPLC purification. The
[''C]labeled benzamide compounds were concentrated via evaporation of the HPLC solvent by
rotary evaporator under reduced pressure. After concentration 5 — 10 mCi of the [''C]labeled
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benzamides were dissolved in sterile water (5 cc) and filtered through a Millipore filter and then
delivered for baboon PET studies. PET images are integral images over 60 min. In order to
obtain quantitative result by analyzing PET data, corresponding time-activity curves for C-11
labeled compounds were given. The curve shows the concentration of radioactivity (% of

injected dose/cc of brain tissue) vs time.

5. Result and discussion

5.1. In vivo PET imaging in female baboon brain (baboon study performed by Pauline
Carter and Payton King; PET image analysis by S. W. Kim)

[''C]1 which has two of hydrogen bonding atoms was used to test BBB permeability in
baboon on Oct 10" 2011. In order to obtain quantitative result by analyzing PET data,
corresponding time-activity curves (TAC) for C-11 labeled compounds were obtained.

Even though ["'C]1 showed volatility resulting in some product loss during labeling, the hot
product was successfully delivered to PET laboratory for a baboon study (Figure 3) and time-
activity data from baboon brain and blood samples was obtained over a 60 minute scanning
period.. Summed frames over 60 minutes provide the images with [''C]1 in female baboon brain

shown in Figure 3.
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Figure 3. Baboon study with [''C]1: [''C]1 PET images in female baboon brain mark

transaxial, sagittal and coronal planes

Baboon studies were carried out with other six benzamide compounds a1"cp2 - [llC]7)
labeled with C-11 as well and the brain (Figure 4) and blood time-activity curves (Figure 5) of
total seven [''C]benzamides were obtained over 60 min PET scan. Brain time-activity curves
(Figure 4) quantitatively show high initial brain uptake and rapid washout and the shape of curve
is acceptable as this series of benzamides was intended to penetrate the brain but not bind to any

specific molecular target.
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Figure 4. Brain time-activity curve of seven [“C]benzamides through [llC]l to [HC]7
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Figure 5. Blood time-activity curve of seven [''C]benzamides through [''C]1 to [''C]7

O[11C)1 O[11C)2 A[11C]3 O[11C]4 #[11C]5 M[11C]6 A[11C]7

0.02

0.018

0.016

0.014

0.012

0.01

%ID (KBq)/cc

0.008
0.006
0.004

0.002 &

0 20 40 60 80 100

Time (min)

73



5.2. Application to kinetic modeling

A QSPR model to predict K; and k; in blood brain barrier penetration using systematically
synthesized [''C]benzamides ([''C]1 — [''C]7) was constructed. The high-correlated descriptors
were Van der Waals volume (VDW,,)) and topological polar surface area (TPSA). The predicted

K, and k, were compared with measured value from PET.

6. Conclusion

Seven well-defined candidate benzamides with different numbers of hydrogen bonds by PSA
order were designed and targeted for synthesis and radiolabeling with carbon -11 (half life; 20.4
min). Cold nor-precursors and reference compounds based on our strategy (through nor-1 to
nor-7 and through 1 to 7) were successfully synthesized via parallel synthesis in moderate yield
(~70%).

Seven C-11 labeled benzamides were synthesized successfully. Reaction condition for
radiosynthesis was optimized in terms of synthesis time and yield. The radiosynthesis time was
30 min ranged from end-of-bombardment (EOB) and high radiochemical yield was ranged from
32 to 55%. Experimental details are shown in the section 3. Experimental details.

O-Methylation with [''C]Mel in radiosynthesis showed higher radiochemical yield than N-
methylation. By using [''C]MeOTf in radiosynthesis milder reaction conditions (low
temperature without base) was used to achieve higher radiochemical yield.

Baboon PET studies revealed BBB penetration imaging and estimated experimental K; and
ko. The representative time-activity curve of seven benzamide compounds labeled with C-11

was from PET study controlling for individual variability by performing all studies in the same
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baboon and allowing time between scans for recovery. Brain time-activity data was measured to
calculate the dynamic model terms of interest: plasma-to-brain transfer term (K,) and brain-to-
plasma efflux term (k;) by using 1-tissue-compartment model.

The main criteria driving QSPR were TPSA and Van der Waals volume with K; being highly
correlated with TPSA and k, being affected mainly by VDW,,.. We demonstrated, for the first
time an experimentally validated K; and k; prediction model for PET radiotracers in the
particular structure. Even though it is limited to structurally well-defined benzamides we suggest

that it will be generalizable to other structural motifs.

7. Appendix
7.1. Plasma-protein binding (PPB) assay

The plasma-protein binding assay of seven [''C]benzamides was performed based on adapted
method previously published'®. An aliquot of [''C]metergoline in saline (10 pl) was added to a
sample of baboon plasma (0.8-mL). The mixture was gently mixed by repeated inversion and
incubated for 10 min at room temperature. Following incubation a small sample (20 pl) was
removed to determine the total radioactivity in the plasma sample (At; A7=AboundtAunbound).- AN
additional 0.2 mL of the plasma sample was placed in the upper compartment of a Centrifree®
tube (Amicon, Inc., Beverly, MA) and then centrifuged for 10 min. The upper part of the
Centrifree tube was discarded and an aliquot (20 pl) from the bottom part of the tube was
removed to determine the amount of radioactivity that passed through the membrane (Aunbound)-

Plasma protein binding was derived by the following equation: % unbound=Aynbouna* 100/A47.
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7.2. Determination of log D value of seven [HC]benzamides

The distribution of [''C]benzamides between 1-octanol and 0.2 M phosphate buffer (pH 7.4)
was measured in triplicate at room temperature by adapting a method previously described'’.
Briefly, 1 mL of 1 mCi/mL solution of [''C]benzamides in 0.2 M phosphate buffer (pH = 7.4)
was mixed vigorously with 1 mL 1-octanol for 1 min at room temperature using a vortex. After
centrifugation for 5 min at 4,000 rpm and a settling period of 30 min, five aliquots of 100 puL
were taken from both layers, carefully avoiding cross contamination between the phases. Five
aliquots of 100 pL of the 1 mCi/mL solution of [''C]benzamides in 0.2 M phosphate buffer (pH
= 7.4) were taken as reference for determining recovery. All aliquots were counted for
radioactivity using a Capintec CRC-712MV radioisotope calibrator (Capintec, Ramsey, NJ,
USA). The logD value was calculated according to logD = Log(Aoct / Abufrer), With Apusrer as the
average radioactivity of five buffer samples and A4, as the average radioactivity of five 1-octanol

samples.

7.3. In vivo metabolite study with baboon plasma (Analysis was performed by Payton

King and Colleen Shea)

Arterial blood samples were centrifuged and an aliquot of plasma was pipetted and counted
and then the plasma was subjected to radioHPLC analysis to determine the fraction of total C-11
which was present as the parent injected radiolabeled compound (Table 1). Sample tubes were
prepared with 500 pL of methanol or acetonitrile depending on solvent if solvent is > 50%
organic solvent. 300 puL of organic solvent was used if more aqueous. Tubes for supernatant
were prepared empty if using 500 pL of organic solvent (methanol or acetonitrile) in sample

tubes, with 300 puL of water if using 300 puL of the organic solvent in sample tubes. For each
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baboon plasma sample; 1 min, 5 min, 10 min, 30 min, 60 min samples total activity was counted
by a well counter. Supernatant and pellet was separated by sonication and centrifuge and then
counted by wellcounter. 400 — 500 pL of supernatant was injected into HPLC. Retention time
was divided by 3 and collected peaks into picker vial to count the activity based on UV changes.

Standard compound (3 pL) was dispensed into the picker vial measuring accurately.

Table 2. In vivo metabolite study with baboon plasma by analytical HPLC*.

Date Comp. Flow rz.lte l.{etentif)n
(mL/min)  time (min)
01-23-12 17 0.8 6-7
01-23-12 18 1.0 7-8
02-23-12 19 1.0 8-9
02-23-12 20 1.0 9-10
03-09-12 21 1.5 8-9
04-12-12 22 2.0 12-13
04-26-12 23 0.9 11-12

*Analytical HPLC Column (Waters®, Bondapak C18, 4.6 mm X 250 mm, 10 pm) with isocratic

solvent (1.0M aq. ammonium formate/MeCN = 50/50) at UV 254 nm.

7.4. Using quantitative structure-property relationship (QSPR) as a prediction tool for
dynamic modeling of BBB permeability (QSAR modeling study was performed by Yeona

Kang)

To calculate parameters from PET study, we used a 1-tissu-compartment model (1TCM) to
approximate the total brain uptake. The in vivo performance of candidate compounds was
estimated through PMOD® (PMOD Technologies, Ltd). To calculate various chemical and

structural properties of candidate compounds and to evaluate possible QSPR models, MOE and
77



Shrodinger were used. In silico and in vivo datasets were introduced, and the validation of the

individual model components and their overall performance was investigated.

7.4.1. PET studies and data analysis

All animal studies were reviewed and approved by Brookhaven Institutional Animal Use and

Care committee. 9 different female baboons were used for these experiments.

Twenty two C-

11 labeled benzamides including seven [''C]benzamide compounds ([''CJ1 — [''C]7) were

prepared for baboon PET studies (Table 3 and Figure 6).

Table 3. To do QSPR K; and k, prediction modeling study, the interesting/high-correlated

descriptors are molecular volume and topological polar surface area (TPSA).

Compd K; k» logD logP clogBB TPSA Vdw_vol Weight
(pH:7.4)
H10-1 0.047 0.012 0.65 1.76 0.202 61.60 468.89 324.43
H10-3 0.189 0.034 -0.62 2.23 0.184 58.36  391.60 269.35
H10-5 0.104 0.015 1.39 2.39 0.336 61.60 484.85 358.87
H10-9 0.111 0.010 1.6 2.59 0.368 61.60 497.88 403.32
H10-12 0.079 0.010 2.96 3.76 0.615 61.60 583.86 400.53
H10-16 0.072 0.012 1.68 2.99 0.511 61.60 501.46 450.32
H10-18 0.118 0.016 0.76 1.949 0.235 61.60 472.03 342.41
H10-20 0.024 0.011 1.41 3.96 0.353 67.15  480.52 331.42
H10-21 0.162 0.015 1.45 4.23 0.598 58.36  506.57 345.45
H10-24 0.069 0.010 3.04 3.91 0.636 61.60 587.01 418.52
H10-38 0.014 0.000 3.07 5.36 1.055 61.60 667.68 454.62
H10-27 0222 0.012 1.84 4.38 0.618 58.36 509.71 363.44
H10-32 0.134 0.008 0.47 3.88 0.516 58.36  486.00 351.47

78



Mcn
["C)2
[''c13
[''Cl4
[''C15
[''Cl6
"cy7

NICOT
INE

MS275

0.283
0.357
0.368
0.190
0.179
0.316
0.140

0.472
0.009

0.112
0.141
0.131
0.113
0.125
0.060
0.042

0.046
0.000

2.31
2.38
2.49
2.93
1.78
3.46
5.64

-0.649
1.05

3.05
2.97
3.01
2.80
2.37
2.61
8.51

0.76
2.45

0.669
0.830
0.613
0.327
0.177
1.055
1.772

0.397
-0.220

20.30
23.54
29.54
47.56
55.56
3.24

20.30

16.13

106.34

311.78
378.54
346.87
355.92
361.54
310.60
639.44

204.63
507.72

211.26
254.33
241.28
257.29
256.30
197.28
419.56

162.34
376.42

Figure 6. Structures of the 15 benzamide compounds besides 7 benzamides (q''cyt -ty

shown on Table 1) contained in Table 3.
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7.4.2. Blood flow

One of common assumption is the blood flow effect to penetrate radiotracers'®. In this study,
blood flow stability among different scans over different days in the several animals was checked

using [''C]-(R)nicotine studies. Since the extraction fraction of nicotine can be assumed to be as

119

stability, we used four different baboons and each test run different study days and times as
showed by Table 4. Although different scans over different days in the several animals were

used, all K; values are consistent (0.47+0.1) and these results supported to prove that the blood

flow is stable for our studies.

Table 4. Summary of baboon PET studies

, uptake value K; of [''C]-(R)nicotine equals the blood flow. To confirm the blood flow

Injecti ight
Radiotracer Study # Baboon njection . Weig 1 Kk,
Dose (mCi) (kg)
BEJ426DY3 Spicey 4.26 18.2 0.3266 0.0398
1 L. BEH288DY?2 Pearl 4.68 0.4726 0.0464
[ "C]nicotine
BEH289DY1 Lulu 0.97 0.5089 0.0420
BEH290DY3 Chloe 32 18.8 0.5626 0.0883
MEAN 0.4676 00539
0.1010 0.0230

STD
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7.4.3. QSPR mode

For development new QSAR model related to apparent K; and k», the performance of our
approach is evaluated on a dataset containing 22 compounds including seven [''C]benzamide
compounds for which the in silico and in vivo data exist (Table 3). For each compound, the in
silico descriptors such as TPSA or vdw vol were obtained from MOE or Schrodinger
commercial software. For in vivo, all animal studies were reviewed and approved by
Brookhaven Institutional Animal Use and Care committee. 6 different female baboons were

used for these experiments.

7.4.4. Results

Prior to data verification or any subsequent fitting procedures, preliminary analysis of the
relationship between calculated logBB (clogBB) and apparent uptake values (K;) was performed.
The well-known QSAR model using some MOE and Schrodinger descriptors calculated the
clogBB®’. Those clogBB values were plotted against apparent K, (or uptake) and k, values as
shown in Figure 7 and Figure 8. There seem to be no correlations between clogBB and apparent
K, and k; although the model for clogBB was employed with logP and TPSA as important
descriptors. These findings clearly demonstrate that clogBB is not enough to explain brain

uptake driven BBB permeability at least for early time point events.
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Figure 7. The correlation between clogBB and apparent uptake value K,

clogBB (MOE) & K1

17 ° ®| 0ogBB Prediction (MOE)
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O [ R2=0.03798
02| o ® e

0 0.05 01 015 0.2 0.25 0.3 0.35 0.4 045 05
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Figure 8. The relation between clogBB and efflux rate k»: there is not correlation each other.

clogBB (MOE) & k,

[ ° ® LogBB Prediction (MOE) ]
1.7 1
=< 12}
g 1 o
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3 07} [
© 3 “ —
©) .
=~ [ ©¢ ¢ °
02fF © o °
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As known parameter, logD can deal with an assumption that ionic species have the same

affinity to BBB as to octanol, which is quite disputable. To compute clogD, we used the online
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chemical database and modeling environment” to calculate clogD and showed no correlation
between (ex) K; and clogD. However in our result, there is still low correlation between

apparent K1 and clogD as shown Figure 9.

Figure 9. The comparison between apparent uptake value K,; and calculated logD: there is

almost no correlation.

K, & LogD (Benzamides)

¢ ® |0gD(pH:7.4)
5 o
4
(]
% 3 * o °
= ) o
©
————
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S 1 °
= e %
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[ o )
_1 agaslssasalsssslsssslsssslsssslsssslsseelsosssloses e ssles.

-0.1-0.05 0 0.050.10.150.20.250.30.350.40.450.5
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I-compartment kinetic analysis was applied to the time-activity curves to derive regional
estimates of the influx rate constant (K,;). The least-squares fitting procedure included a fixed
5% blood volume and was performed with a Levenberg-Marquadt optimizer in PMOD.

For the QSAR prediction model, the K, values of the 22 compounds in the dataset (Table 3) were
predicted using Equation 1., with TPSA and vdw_vol as considered descriptors. Before to test
with completed 22 dataset, some criteria for relationship between TPSA and K; were built. In
early stage, most benzamide compound’s TPSA values were 58 or 61 and so more diversity to

validate TPSA’s role for K; prediction was necessary. In Table 3, the seven [''C]benzamide
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compounds ([''C]1 — [''C]7) were specifically designed and synthesized for in silico and in vivo

PET study.
1
—0.121(clogD—2.298)%2—2.5441 (Vx§>—2.525
p=10 ¢ °8 1)
Ki=F(1—-e " /r) )

Furthermore, one of the interesting descriptors was molecular weight (MW) and the
correlation among TPSA, MW and K1 was one of most important thing. Early benzamide
compound’s MW was approximately from 320 to 450. Those numbers were fitted to Lipinski’s
rule of five but still there still existed some more diversity in near marginal area. the seven
[''C]benzamide compounds ([''C]1 — [''C]7) considerably overcame this point of view.

The QuaSAR module in MOE was used to perform the 2D-QSAR PLS regression analysis
on the data set. Two molecular descriptors with top contingency coefficients were picked that fit
to the experiment dataset. This resulted in a model with the following statistics: N=22, r*=0.833,

cross validated (leave one out) Q*=0.733:

K1preaice = 0.572 — 0.0029 * TPSA — 0.00057 * vdw,,;

Where TPSA is topological polar surface area and vdw_vol is van der Walls volume. The
normalized linear model shows the relative importance of the two descriptors in the model to be
1 for TPSA and 0.97 for vdw_vol. Linear model is very good fitting relative to alternative
methods as well as less descriptors involving. For this QSAR model we tried to make validate 2-

fold cross-validation. Also Q? is more than 0.7 and it is very consistent result (Figure 10).
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Figure 10. QSAR result for K; apparent: high correlation is shown (correlation value = 0.78).

(ex) K; & (Caluclated) K,

0.45 E R2=0.78513"® i

(Caluclated by QSPR) K,

-0.01 0.09 0.19 0.29 0.39 0.49
(experiment) K,

As well as K, ks is also very important parameter to determine drug-able compound. In fact,
k, is affected in equilibrium state because this number is wash-out factor related. Therefore k;
might have some correlation with logBB.

For k; prediction, there are three descriptors involved: TPSA, MV (molecular volume), and
vdw_vol. Similar with K; model, three molecular descriptors with top contingency coefficients
were picked that fit to the experiment dataset (Figure 11). This resulted in a model with the

following statistics: N=22, 1’=0.786, cross validatied (leave one out) r’=0.68:

k2preqice = 0.214 — 0.00054 * TPSA — 0.0045 * vol + 0.0029 * vdw,,,

For ks, the normalized linear model shows the relative importance of the three descriptors in

the model to be 1 for vol, 0.93 for vdw _vol and 0.034 for TPSA. Relative to two other
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descriptors, TPSA is relative low importance of descriptors but for marginal area prediction,

TPSA plays as a key role.

Figure 11. Correlation between in house calculated k, values and experimental k, values:

correlation value is approximately 0.79 and they have very high correlation.

(Cacluated by QSPR) k, & (experiment) k,

0.14
0.12 f R2 20.78580

0.1
0.08

0.06
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0.04

0.02

0
-0.01 0.01 0.03 0.05 0.07 0.09 011 0.13 0.15

(experiment) k,
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Part 1. HPLC: analytical HPLC & semi-preparative HPLC

Part 2. '"H/*C NMR spectroscopy and Mass spectrometry (ESI)
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Part 1. HPLC analysis

1.1. [M'cn

Analytical HPLC of [1'C]1

Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 11/07/2011 Collected: 11/07/2011
Data file: H11-2_baboon_110711_anaU01.CHR (c:\documents and settings\hp Data file: H11-2_baboon_110711_anaR01.CHR (c\documents and settings\hg
Operator: So Jeong Lee Operator: So Jeong Lee
Comments: FDG-P 100uL Comments: FDG-P 100uL
60 min 2 ->21% 60 min 2--> 21%
-32.352 /0,033 188.722  -82.256 565.552
1k -/0.883 1k
f -/1.400
2r- 2+
-/2.316
3+ 3+ J
- -/3.533
4r / -/4.133 4r ]
st / sl
R
5683 /5.400
6 6
7} Y ~ S 7.000 7+
8+ — 8l
— /8400 —
ol — -/8.883 ol 8.883
10 10
-10 4RR
ul -110.766 nk
/14 499
413 2
12r -/12.083 12r
-/12.666 -/12.583
13 -/13.033 13 ]
14 14
15 15
NumberRetention ~ Area  Type Area % External Units NumberRetention Area Type Area% External Units
0 1.933 831.6510 8.3055  0.0000 1 8.883 13305.1355 99.8280  0.0000
0 0.000 0.0000 0.0000 0.0000
0 0.000 0.0000 0.0000  0.0000 1 13305.1355 100.0000  0.0000
1 831.6510 100.0000  0.0000
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Semi-preparative HPLC

Lab name: SRI Instruments
Collected: 11/07/2011

Lab name: SRI Instruments

Data file: H11-2_baboon_110711_U01.CHR (c:\documents and settings\hpic11

Collected: 11/07/2011

Data file: H11-2_baboon_110711_R01.CHR (cidocuments and settings\hplc1

Operator: So Jeong Lee

Comments:
5000.000 -79.719 1372.953
1 1
2 2
3 3 [TS~—
4 a 3.700
5 5 41— ——
6 6 5.433
7 7E
8 8
aF 9 e
10 10+ s
1r ras 1
12 -1 ?006 12 F
13F -13.100 13- 13.150
14 14
15F e 15
16 16E
17+ 17
18} /17883 18- | /17450
19+ 19
20+ 20
21+ 21+
22+ 22
23+ 23
o4l o4l {+23.533
25+ 25
261 26|
7+ 27[
281 28|
29+ 29
30+ 30}
31+ 31+
32r 321
33 33
34+ 34
35+ 351
361 36|
37+ 37 E
38 38 N msoaas
a2l a0l ‘} -/38.666
40+ 40 1
240833
NumberRetention Area  Type Area % External Units NumberRetention Area Type Area% External Units
2 3.700 49597.1620 254077  0.0000
0 0.0000 100.0000 0.0000 3 5433 230857875 11.8264  0.0000
1 13.150 121713.4155 623515  0.0000
3 194396.3650 100.0000  0.0000
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1.2. [''C)2

Analytical HPLC
Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 01/18/2012 Collected: 01/18/2012
Data file: 012312_baboon_H11_3_ana_U01.CHR (c\documents and settings\l Data file: 012312_baboon_H11_3_ana_R01.CHR (cidocuments and settings\
Operator: So Jeong Lee Operator: So Jeong Lee
Comments: Comments:
-64.704 377.444 -164.512 1131.104
-/0.150
1+ 1
2F 2-
-/2.400
3t ] 3+
4r 4l
/4 000
5F -/5.050 5
15.600 -/5.300
sl 1 75933 8k 1
7L 1-/6.833 71
-/7.433 7766
81 8l :
8.450
.7
ok ol 8716
101 101
-/10.633
1 ] 1E
12 12+
13+ 13
14+ 14
15F 15
15466
16 16
17k 7k 416.733
-417.516
18 18
191 19
201 20
21+ 21
NumberRetention Area Type Area % External Units NumberRetention Area Type Area% Extemal Units
0 0.000 0.0000 0.0000  0.0000 2 7.766 2003.6170 49702 0.0000
1 8.450 2400.5820 91.7415  0.0000 1 8716 34793.0785 86.3077 0.0000
0 0.000 0.0000 0.0000  0.0000
0 0.000 0.0000 0.0000  0.0000 2 36796.6955 100.0000  0.0000
1 2400.5820 100.0000  0.0000
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Semi-preparative HPLC

Lab name: SRI Instruments

Collected: 01/18/2012

Data file: 011812_H11_3_U01.CHR (c)\documents and settings\hplc112imy do

Operator: So Jeong Lee

Lab name: SRI Instruments
Collected: 01/18/2012
Data file: 011812_H11_3_R01.CHR (c\documents and settings\hplc112umy d
Operator: So Jeong Lee

Comments: Comments:
-487.040,, 150 5000.000 -39.850 686.476
| S 1+
oL 341750 ol
3r 3 3.266
4l a 4.183
5+ 5
6 [l
T+ 7=
8 8
a9 9
or T }-roses
e - §
12} 12} om0
13 13
14+ 14
151 15 N-14.783
16k 16 ——= 16.300
17+ 17+ k’i
18 -/18.016 18 7
19+ p 19+
-19.416
xl A ook |-19.850
21} L 21f
2r 1 122368 2r
23+ ("‘" 23
241 24+
25 e nen 25 = 24866
-25.733 == 125.666
NumberRetention Area Type Area % External Units NumberRetention Area Type Area% Extemal Units
3 3.266 5540.1025 15.8420 0.0000
0 0.0000 100.0000 0.0000 2 4183 6405.0350 18.3153  0.0000
1 0.000 0.0000 0.0000 0.0000
1 16.300 17763.3120 50.7945 0.0000
3 20708.4495 100.0000 0.0000
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1.3. [''C]3

Analytical HPLC

Lab name: SRI Instruments
Collected: 02232012
Method: sylinge Injection
Data file: 022312 SJ4 ana_baboon_U01.CHR (c\documents and settings\hpl
Operator: So Jeong Lee

Lab name: SRI Instruments
Collected: 02/23/2012

Data file: 022312 SJ4

Method: sylinge Inj

Operator: So Jeong Lee

ana_baboon_R01.chr (cAdocuments and settings\hpic

Comments: Comments:
-64.704 377.444  -20.564 141.388
}|H0.433
1+ ] 1+
2 2.066 2+
3F i|2e= 3+
A 7 A4
5L -/4.900 5
6 . 6 16.950
T 7L 3
8F 8.083 2 o 2,400
ol ol \
10} -/9.866 10
al ak -10.550
12+ 12
131 13
14F 14
15F 15
16 16
17 17
18 18
19+ 19}
20+ 20}
21+ 21
22r 22
23+ 231
241 24}

NumberRetention Area Type Area % External Units

N o=

2.066 143715 0.2282
8.083 5977.5905 94.9013
0.000 0.0000 0.0000
0.000 0.0000 0.0000

5991.9710 100.0000

0.0000
0.0000
0.0000
0.0000

0.0000

NumberRetention Area

94

1

1

8.400 32726670

32726670

Type Area% External Units

99.2003

100.0000

0.0000

0.0000



Semi-Preparative HPLC

Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 02232012 Collected: 02/23/2012
Method: Loop Injection Method: Loop Injection

Data file: 02232012 SJ4_Baboon_U01.CHR (c:\documents and settings\hpic1 Data file: 02232012 SJ4_Baboon_R01.CHR (ci\documents and settings\hplc1
Operator: So Jeong Lee

Comments:
5000.000 -159.438 2745.906
1 -
2k
3
a-
- 5—
-/5.500
6 i B
S
T+ | T+
7416
8r f’- 8
ar 9
10} 10
" >411.1oo - 11.250
12+ 12
13} -12.883 13
1 -/13.450
“r 4 14283
15 15F 115188
-15.500 1715568
16 16 A /16.200
1-/16.700
7 17 1417.150
] wamnnn 1-17.583
L 8- ]
] pazm
10 11815 19F
20+ -/19.950 20
] -120.616
21k -/20.850 21k
NumberRetention Area Type Area % External Units NumberRetention Area Type Area% Extemal Units
1 3.216 7276.8860 3.8923 0.0000
0 0.0000 100.0000 0.0000 2 3.850 35327.8515 18.8966  0.0000
3 6.733 56945.9790 30.4600 0.0000
4 8.650 29410.5850 157315  0.0000
5 11250 55161.2690 29.5053 0.0000
5 1841225705 100.0000 0.0000
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14. [''Cl4

Analytical

HPLC

Lab name: SRI Instruments

Collected: 021222012
Method: Loop Injection

Lab name: SRI Instruments
Collected: 02/22/2012
Method: Loop Ink

njection
Data file: 022212 newH11_5_5050_U01.CHR (c:\documents and settings\hplc Data file: 02142012 ana_new H11_5__2 4060 U02.CHR (c:\documents and

Operator: So Jeong Lee

Operator: So Jeong Lee

Comments: Comments:
-487.040 5000.000  -20.000 566.896
7-0.0%0 ~0.400
1} ]-0833 1
1 -/1.500
2k 3 2l
3k 42.950 3
ar 4 250 ar
sl 14616 sl f458
sl RS shd -5 950
-/5.483 "’% 76.300
T h _] 7+
47818 7.816
8l 8l
ol o a1 8018
-49.333
10} 10k
al 410,650 ak
12l 411,800 12k
1l 12,683 1l
14} -/13.883 14
15) 414.986 15
18- 16}
17} 17k
-17.616
L 18y 118183
19} -/18.816 19
o {5850 20}
R
21
22—
231
24|
25—
26}
E 27 ~
{27783

NumberRetention Area

0 0.0000

Type Area % External Units

100.0000

0.0000

NumberRetention Area

0.000 0.0000
0.000 0.0000
7.816 18910.2930
8916 7054.9470
0.000 0.0000

N s AREN-

25965.2400

96

0.0000
0.0000
72.4178
Z7.0172
0.0000

100.0000

Type Area% Extemnal

0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

Units



Semi-preparative HPLC

Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 022272012 Collected: 02/22/2012
Method: Loop Injection Method: Loop Injection
Data file: 022212 newH11_5_5050_U01..chr (c\documents and settings\hplc1 Data file: 022212 newH11_5_5050_R01.CHR (ci\documents and settings\hph
Operator: So Jeong Lee Operator: So Jeong Lee
Comments: Comments:
-487.040 . -20. :
48 04 0,050 5000.000 20.000 566.806
n ann
1 ]-083 1+
{-1.500
2+ b 21
3+ -/2.950 3}
3266
L - 3.933
B -/4.250 4
-14616
5k
-/5.583
6 -
-/6.483
7+ }
sl ('____ /7816
g -
-9.333
10}
-10.650
1L
12k -/11.800
-/12.683
13l 12833
14} -/13.883 14}
1 -14.433
15F -14.966 15 # 115186
16 16 ; 11a 99
1 -18.
17k 17+
-N7.616
18} 18
r -18.300
-/18.816
NumberRetention Area Type Area % External Units NumberRetention Area Type Area% Extemnal Units
1 3266 1099.3020 27819  0.0000
0 0.0000 100.0000 0.0000 2 3933 64867100 16.4151  0.0000
4 7.466 11301.1635 28.5084 0.0000
4 8883 5974.1805 15.1181  0.0000
5 12833 132827675 336130 0.0000
5 38144.1235 100.0000  0.0000
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1.5. [''C]5

Analytical HPLC
Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 03/08/12 Collected: 03/08/12
Method: sylinge Injection Method: sylinge Injection
Data file: 030912 baboon SJ6_ana_ U01.CHR (c\documents and settings\hpl Data file: 030912 baboon SJ6_ana_R01.CHR (c:\documents and settings\hp
Sample: [11C]5 for baboon Sample: [11C]5 for baboon
Operator: So Jeong Lee Operator: So Jeong Lee
CQC batch: CQC batch:
-8.088 47181  -5.141 35.347
1 oo 1= 1
2r 2 4
3+ 3
4 a4
533
5k 5
elalad ¥
6 } 6.016 6 5933
T+ T+
8F 8-
ar 9
10+ 10+
1+ M-
121 12
131 13
14+ 14
15F 151
161 16
17F 17F
18 18
19 19
NumberRetention Area Type Area % External Units Sample NumberRetention Area Type Area% Extemal Units Sample
1 5766 220.8405 33.2106  0.0000 [11C]5 for baboon 1 5.933 1039.8030 100.0000  0.0000 [11C]5 for baboor
1 6.016 429.1870 64.6008 0.0000 [11C]5 for baboon
1 1039.8030 100.0000  0.0000
2 649.8275 100.0000  0.0000
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Semi-preparative HPLC

Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 03/08/12 Collected: 03/08/12
Method: Syringe Injection Method: Syringe Injection
Data file: 030812_SJ6_ACNAF_3565_U01.CHR (c:\documents and settings\h| Data file: 030812_SJ6_ACNAF_3565_R01..chr (c:\documents and settings\hp
Sample: [11C]5 Sample: [11C)5
Operator: So Jeong Lee Operator: So Jeong Lee
Comments: Comments:

5000.000  -5.000 205.453

|

5916

O 0~ MO & WA -

9.316

T 1 11

T T T 1

T T T

BN RN N e NP0 ro Nt oo~ Do s N -
T T T T T 1T T 1

38{-b -/38.068

Area Type Area % External Units Sample NumberRetention Area Type Area% External Units Sample

1 0.000 0.0000 0.0000  0.0000 [11Cls 1 3.366 2001.0230 8.8058  0.0000 [11C]5
2 0.000 0.0000 0.0000  0.0000 [11Cls 4 5916 13881.2360 61.0868  0.0000 [11C]5
3 9.316 228663.0420 857304  0.0000 [11CI5 7 20033 2018.6050 12.8438  0.0000 [11C)5
7 28883 255939775 9.5057  0.0000 [11cp

3 18800.8640 100.0000  0.0000
2 254257.0195 100.0000  0.0000

99



1.6 ["'Cl6

Analytical HPLC
Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 04/12/12 Collected: 04/12/12
Method: sylinge Injection Method: sylinge Injection
Data file: 041212_baboon_SJ7ana_U01.CHR (c:\documents and settings\hplc Data file: 041212_baboon_SJ7ana_r01.chr (c\documents and settings\hplc11
Sample: [11C]6 for baboon Sample: [11C]6 for baboon
Operator: So Jeong Lee Operator: So Jeong Lee
CQC batch: CQC batch:
-32.352 188.722  -10.282 70.694
-/0.150
1| =638 i+
2r 12233 2r
3r 3.166 3r
4t XY | 4 ;
4.483 I
sk /-»———— sk 4733
6 \ 6
N -16.816 L
7 -Z .283 7
/7733
8r -/8.133 8r
ol -/8.883 ok
10| 10+
1"r 1"ME
12+ 12+
13+ 13
141 14
NumberRetention ~ Area  Type Area% External Units Sample NumberRetention ~ Area  Type Area% External Units Sample
3 3.166 2718.8405 32.3838  0.0000 [11C]6 for baboon 1 4733 1713.3145 100.0000 0.0000 [11C]6 for baboor
1 4483 3381.4950 40.2766 0.0000 [11C]6 for baboon
1 1713.3145 100.0000 0.0000
2 6100.3355 100.0000 0.0000
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Semi-preparative HPLC

Lab name: SRI Instruments
Collected: 04/12/12
Method: Loop Injection

Data file: 041212 BABOON_SJ7_GRADIENT_U01..chr (c\documents and se

Sample: [11C]6 for baboon
Operator: So Jeong Lee

Lab name: SRI Instruments
Collected: 04/12/12
Method: Loop Injection

Sample: [11C)6 for baboon
Operator: So Jeong Lee

Data file: 041212 BABOON_SJ7_GRADIENT_R01.CHR (c\documents and s

CQC batch: CQC batch:
-487.04% 1 5000.000 -160.000 4535.168
] meie
L I 1+
1-/1.583
i e 2L 2r
3+ 3 3.016
4r —Jaz00 4
r"—
o - 4933
. 5.316 5 |
6 6 p-/6.050
T+ -/7.083 T+ 7 NEN
1-/7.533
8 -/8.066 8 | iaoin
10 ReC
o e 9| fa ara
49433
10 :l 10.100 10} ]-9-816
r-—- -/10.450
e e l 11216
2r &4122&3 121 12.416
13} 1ass 13 /______‘_——————';
wi I 1a| 1113683
15} 7 414933 15
18 1-ne23s 18
L /18 QRN -
a 717.300 .
17783
8 118216 18- | 18300
191 718 sen 191
419750
NumberRetention Area Type Area % External Units Sample  NumberRetention Area Type Area% Extemnal Units Sample
1 2150 12838.1255 3.6358 0.0000 [11C)é6 for baboon 1 3.016 222226280 19.7784  0.0000 [11C])6 for baboon
2 4.200 138714.4230 390.2840 0.0000 [11C)6 for baboon 4 4933 42537680 37859 0.0000 [11C])6 for baboon
3 10.100 187108.7830 520893 0.0000 [11C)6 for baboon 3 12416 80300.3380 71.4683 0.0000 [11C]6 for baboon
7 28.816 0.1695 0.0000 0.0000 [11C)6 for baboon 7 0.000 0.0000 0.0000 0.0000 [11C])6 for baboon
7 28.950 0.4100 0.0001 0.0000 [11C)6 for baboon
3 106776.7340 100.0000 0.0000
5 3386619110 100.0000  0.0000

101



1.7 M'cy7

Analytical HPLC
Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 07/14/2011 Collected: 07/14/2011
Method: Syringe Injection Method: Syringe Injection
Data file: 040612 SJ8 ana U08.CHR (c:\documents and seftings\hplc112umy Data file: 040612 SJ8 ana R0B.CHR (ci\documents and settings\hplc112\my
Sample: slow gradient 100uL Sample: slow gradient 100ul
Operator: Youwen Operator: Youwen
Comments: FDG-P 200uL Comments: FDG-P 200uL
5min 2% ACN 5min 2% ACN
60 min 2 > 21% ACN 60 min 2 —> 21% ACN
QC batch: QC batch:
-25.613 84924 £912 74.064
1+ 1+
2+ 2+
3F 3
\ 3416
4ar 41
5| s k
T | > 6216 & flis
T l T+
81 8l
oL 9
10- > 10088 10}
1r- l 1E
12 12+
131 13
14 14
15+ 15
16 16
17+ 17
181 18
19 19+
201 201
21+ 21
NumberRetention Area Type Area % External Units Sample NumberRetention Area Type Area% Extemal Units Sample
3 3.416 476.8470 8.3669  0.0000 slow gradient 100ul 1 6.066 3678.7580 100.0000  0.0000 slow gradient 100
1 6.216 3726.7960 65.3918  0.0000 slow gradient 100ul
0 10.066 14955375 26.2413  0.0000 slow gradient 100ul 1 3678.7560 100.0000 0.0000
3 5699.1805 100.0000  0.0000
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Semi-preparative HPLC

Lab name: SRI Instruments Lab name: SRI Instruments
Collected: 04052012 Collected: 04/05/2012
Method: Loop Injection Method: Loop Injection
Data file: 040512_SJ8_gradient_U01.CHR (c\documents and settings\hplc112 Data file: 040512_SJ8_gradient_R01.CHR (c\documents and settings\hplc11:
Sample: [11C[7 Sample: [11C]7
Operator: So Jeong Lee Operator: So Jeong Lee
CQC batch: CQC batch:
-497.840 o 5000.000 -20.000 821.814
j n2aa
1Ir {1200 T
ol 1-1.733 2l
m7Tic
3r +43.033 3 3218
4r 4+
-4.650
°r | -/5.318 5
6 6
T+ T+ 7.050
8F 8r
a9 gl
wof | 10l-ll v9.800
10.283 -10.466
1 y 1
121 -11.616 12k
131 13
-13.483
14+ 14
L T 51
16 7 -16.000 16
17r -17.100 17
18 E 18
19+ 19}
2r j 20
21 -/21.050 21+
1
2l s 22} | -21.550
231 231
241 1 24
251 -/24.866 25|
= 426316 %6
7+ 7+
-/27 450
281 28
201 29
NumberRetention Area Type Area % External Units Sample NumberRetention Area Type Area% External Units Sample
1 0.000 0.0000 0.0000 0.0000 ey 1 3.216 21947.2525 48.0765 0.0000 ey
2 0.000 0.0000 0.0000 0.0000 ey 4 7.050 20690.4575 45,3234  0.0000 ey
3 10.283 3889.3040 06014  0.0000 nicr 7 0.000 0.0000 0.0000 0.0000 ey
7 0.000 0.0000 0.0000 0.0000 [cy
2 42637.7100 100.0000  0.0000
1 3889.3040  100.0000  0.0000
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Part 2. '"H/*C NMR spectroscopy and Mass spectrometry (ESI)

1.1. '"HNMR
1.2. ®C NMR

1.3. Mass spectrometry
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DATA\FORLER\06121% OOMPD 1.D

Sample Name : 061215_CCMPD 1.D
Com{)‘ |

Acq. Operator : So Jeong

Acq. Instrument : Instrument 1 Location : Vial 1 C[ﬁ\v,kg_l
e

Injection Date : &/12/2015 5:32:44 FM Inj : 1
Inj Volume : 1.0 pl
Rcg. Method : D:\CHEM32\METHODS\DIR~INJ-POS.M
Last changed : §/12/2015 5:31:38 PM by So Jeong
(modified after loading)

Bnalysis Method : D:\CHEM32\DATA\FOWLER\061215 COMPD 1.D\DA.¥ {DIR-INJ-POS.M, From Data File)

Last changed : 6/12/2015 5:34:20 PM by So Jeong
Method Info : Direct~-inject {FIR] ESI positive
Al (0.1%Rc): BL (MeOH); 25:75(v:v); 0.25ml/min

M5 Spectrum
“ME07 SPC, ime=0.293:0.429 of D YGHEMIADAT AF OWLERWE1215_COMPD 1.0 ES-API, Pes, Scan, Freg: 10
:
1004
Max: 621151
oo_
80—
‘o—
. L
N
. @ 8 -
g = 1 g
0 A N | l A —
- T | ———————T— . Y
50 S [+, . 200 20 30 400 m/3
Instrument 1 6/12/2015 5:42:07 PM rajesh Page lotr1l
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DATA\FOWLER\061215_NCR 2.D
Sample Name : 061215 nor 2.0

Acqg, Cperator
Acqg. Instrument :
Injection Date

Req. Method
Last changed :

Analysis Metheod :
Last changed s
Method Info H

: So Jeong
Instrument 1 Location :
: 6/12/2015 5:38:22 PM Inj :

Inj Volume :
: D:\CHEM32\METHODS\DIR-INJ-POS.M

6/12/2015 5:34:22 PM by So Jeong
(modified after loading)

Vial 1

1.0 pl

\‘A/’,
/

Ner—=2

oL0

4

0:\CHEM32\DATA\FONLER\061215_NOR 2.D\DA.M {DIR-INJ-POS.M, From Data File]

6/12/2015 5:39:58 PM by So Jeong
Direct~inject (FIA) ESI positive

AL (0.1%Ac): Bl (MeOH); 25;75(viv); 0.25ml/min

——

MS Spectrum
“MEO1 SPC, tm==0 2630428 of DAGCHENIADATACOWLERGS 1215 NOR 2.0 ES-APL, Pos, Scen, Freg 710
100 a
d Max: 93099
w—
60«
40~
-3
20| 8 !
~
2
o.—
. . . . - .
Y 100 150 200 20 20 200 /4
Instrument 1 6/12/2015 5:41:45 PM rajesh Page 10f1
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DATA\FOWLER\061215 OCMPD 2.D a3
Sample Name : 061215 compd 2.D ocm

So Jeong C‘Z-_ l

Acq. Operator :

Acqg. Instrument : Instrument 1 Location : Vial 1 0

Injection Date : 6/12/2015 5:43:50 PM Inj : 1 . &b
Inj Volume : 1.0 pl //

heg. Methed 1 D:\CHEM3Z\METHODS\DIR~INJ=POS.M

Last changed : 6/12/2015 5:40:00 PM by So Jeong .

[modified after loading)
Analysis Method : D:\CHEM32\DKI‘A\!‘OWLBR\OGIZLS_COHPD 2.0\DA.M (DIR-INJ-POS.M, From Data File)
Last changed 1 6/12/2015 5:45:26 PM by So Jeong
Method Info : Direct-inject (FIA) ESI positive

Al (0.1%Ac): Bl [(MeOH); 25:75(v:v}; 0.25ml/min

ME Spectrum
“MEDT SPC, imo=0 23510 49 1295_ 4 -AP|, Pos, Scan, Frag- 70
7 B
100+
Mex: 754332
80
m-
‘a—
20- g
N . LR
T i 1 1 ¥ v v v T hd . T
= 100 150 20 250 300 400 nv'
Instrument 1 6/12/2015 5:45:45 PH rajesh Page 1 of 1
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Print of window 80: M3 Spectrum
Data File : D:\CHEM3Z2\DATA\FOWLER\D61215_NCR 3_2.D
Sample Name : 061215 _nor 3_2.D

Acg. Operator
Acqg. Instrument

So Jeong
Ingtrument 1 Location Vial 1

o
: L ol
Injecticn Date : 6/12/2015 &:00:13 PM In) : 1 0 W
—

Inj Volume : 1.0 wl
D: \CHEM3Z\METHODS\DIR-INJ-POS .M
6/12/2015 5:5%:15 PM by So Jeong
(modified after loading}

Acg. Methad
Last changed

Nir=3

o

Analysis Method : D:\CHEM32\DATA\FOWLER\061215_NOR 3_2.D\DA.M (DIR-INJ~FOS.M, From Dsta File)

Last changed - 6/12/2015 §:01:49 PM by So Jeong

Methoed Info Direct-inject (FIA) ESI positive
A1 {0.1%Ac): Bl (MeQOH); 25:75(v:v); 0,25ml/min
M5 Spectrum
TMEDT BPC. time=0.229:0.417 0 DIVGHEMIZV0A T AFOWLERLEI1Z15_NOR 820 ES-AP, Poa, Scan, Frag: 10
b 4
100 Y
Max: 36228
w_.
£0 -
40-.
k4
20 -
A -
T |
sl - 3 Q
N 5 o - - o - - ™~
B |3 g 8 J\ g
0 A A A Aa A A A A P P
¥ v r T T T T T v N T T ¥ T .
100 150 200 250 300 m/

30
Instrument 1 6/12/2015 6:02:02 PM rajesh
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DATA\FCWLER\061215 NOX ¢4 _2.D . ”W"4—
Sample Name : 061215_nor 4_2.D

—
Acy. Operator : So Jeong i LO
Acq. Instrument : I[nstrument 1 Location : Vial 1 O %" r’
Injection Date : 6/12/2C15 €:12:08 PM Inj : 1 oU

Acqg. Method :
Last changed :

Analysies Methed :
Last changed :
Methed Info :

Inj volume : 1.0 nl
D: \CHEM32\METHODS\DTR~INJ-POS .M
6/12/2015 €:11:27 PM by So Jeong -
{modified after loading)
D:\CHEM32\DATA\FOWLER\D61215 NOR ¢_2.D\DA.M (DIR-INJ-POS.M, From Data File)
6/12/2015 6:13:44 PM by So Jeong
Direct-inject (FIA) ESI positive
Al (0.1%Ac): Bl (MeOQH); 25:75(v:v}; 0.25ml/min

M8 Spectrum

100+

0

M50 SPC, 0me=0229:0 448 of DACHEMG2DATAFOWLERVS1215_NOR 4_20 ES-API, Pos, 568N, Frag: 70

-

&

Max: 63893

1111

1411

! 100 REY
Instrument 1 6/12/2015 £:14:01 PM rajesh Page 1 of 1
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Print of window 80: M5 Spectrum
Data File : D:\CHEM32\DATA\FCWLER\081215 COMPD 4.0 OOMF 4
Sample Name : 0612135_COMPD 4.D

Acg. Operator : So Jeong ‘,{\p;_
Acg. Instrument : Instrument 1 Location : Vial 1 ‘ <:) l \
Injection Date : 6/12/2015 6:16:06 P¥ Inj : 1 O~
Inj Volume : 1.0 pl

D: \CHEM32\METHODS\DIR~INJ~POS .M
6/12/2015 6:15:15 BY by So Jeong .
(modified after loading)
Analyeis Method : D:\CHEM32\DATA\FOWLER\061215_COMPD 4.D\DA.M {(DIR-INJ-POS.M, From Dsta File)
Last changed : 6/12/2015 6:17:42 P4 by $So Jeong
Method Info : Direct-inject (FIA)} ESI positive

Al (0.1%Ac): Bl (MeQH); 25:75(v:v); 0.25ml/min

Acg. Methad
Last changed

M5 Spactrum
"MSD1 SPC, Ime=0. 2350 460 Of DVGHEMIZDAT AF OWLERWG1215_COMFD 2D ES-API, Pas, Saan, Frag: 10
) o
%
100~
Max: 356613
w-
w-
‘0_
2
> &
7
2
el
o- A A Ao A a
—- - - : e 1 1 ' ] ' oo P
50 100 150 200 280 300 30 400 m/
Ingtrument 1 6/12/2015 6:18:27 FM rajesh Page 1 of 1
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Print of window BO: MS Spectrum
Data File : D:\CHEM32\DATA\FOWLER\061215_COMPD SA.D W Ta .
o

Sawple Name : 062215_COMPD 5a.D
C‘)‘

Acg. Operator : So Jeong
Acqg. Instrument : Instrument 1 Location : Vial 1 o ‘
Injection Date : 6/12/2015 6:19:39 PM Inj ¢ 1 ~—
Inj Volume : 1.0 pl s
Acg. Method : D:\CHEM32\METHODS\DIR~INJ~FOS.M
Last changed ¢ 6/12/2015 6:17:43 BM by So Jeong .
(modified after loading) . :
Analyeis Method : D:\CHEM32\DATA\FOWLER\061215_COMPD SA.D\DR.M (DIR-TNJ-POS.M, From Data
File) .
Last changed : 6/12/2015 6:21:1€ PM by So Jeong
Method Info : Direct-inject (FIA) ESI positive
Al (0.1%Ac}: Bl (MeOH); 25:75(v:iv); 0.25ml/min
MS Spectrum
N 1 L lme= 4. 3 AFOWLERWDE1215_COMPD 5AD ES-API, Pos, Scan, Frag: 70
100~ =
1 Max: 46971
3
80
80~
=]
~
2
w-
20"
o
il e
e ~
o
0=
e e e ———T—T——— v 1T . T
60 100 10 200 250 300 380 400 m/x
Instrument 1 6/12/2015 6:21:52 PM rajesh Page 1L efl
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- Display Report - All Windows All Analyses

Operator:  agilent Instrument: Agllent 6310 Ion Trap  Print Date: 6/13/2015 2:57:51 PM

mrous‘ 030212_SIBPREQT, D TIC +AII MS)|
»105] .

N e e e T

—

!

x105

24 6 8 . 12 14 18 18 Time frin)

lmenss.- ; +MS, 0.9min #75|
x10

243.0
1.26

1201

1.004

0.751

0509

0254

0.004—m»
100
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Print of window 80: MS Spectrum
Deta File : D:\CHEM32\DATA\FOWLER\061215_COMPD 5.D OGIU-P; 5
Sample Name : 061215_compd 5.D

So Jeong . (C’l\,‘
Instrument 1 location : Viel 1 ‘
6/12/2015 6:27:30 MM Iny : 1 "L -

Inj Volume : 1.0 npl

D: \CHEM32\METHODS\DIR~INJ~POS.M
6/12/2015 6:25:56 PM by So Jeong .
{medified after loading)
Analysie Method : D:\CHEM32\DATA\FOWLER\061215_CONMPD 5.D\DA.M (DIR-INJ-PFOS.M, From Data File}
Last changed : 6/12/2015 ©:2%:07 M by So Jsong
Method Info : Direct-inject (FIA) ESI positive

Bl {0.1%Ac): Bl {MeOH); 25:75{v:v); 0.25ml/min

Acqg. Operator
Acq. Instrument
Injection Date

Acq. Method
Last changed

M5 Spectrum

501 GPC, ime=0 236:0 423 of DICHEMIZOATAFOWLERDS1215_COMPD 5.0 ES-APL Pes, Scan, Frag. 70
100+ g
Max: 204369
‘o_
w—
40-
]
20- _ é
@ °
2
~
g
4 N ‘L o ]
5 £ 3
0 . . —t R G Y P N
T - v . L e e —
% 100 150 200 250 300 350 400 m/3
Instrument 1 6/12/2015 6:29:32 FM rajesh Page 1 of 1
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Print of window 80: MS Spectrum
D: \CHEM32\DATA\FOWLER\0€1213 COMPD 6.D

Data File
Sample Name :

061215_compd €.D

Acq. Operatoer
Acg. Instrument
Injection Date

Acg. Method
Last changed

Analysis Method

Last changed
Method Info

T @[\ﬁ’@j

Inatrument 1 location : Viel 1

: 6/12/2015 6:30:42 PM Inj : 1

Inj Velume : 1.0 pl

1 D:\CHEM3Z\METHODS\DIR~INJ-POS.M

6/12/2015 6:29:068 PM by So Jeong
{modified after loading}

D: \CHEM3Z\DATA\FOWLER\061215_COMPD €.D\DA.M (DIR-INJ-POS.M, From Data File}

6/12/2015 €:32:18 PN by So Jeong
Direct-inject (FIA) ESI positive
Al (0.1%Ac): Bl {MeOH); 25:75{v:v); 0.23ml/min

M5 Spectrum

TS01 SPC, me=0 2360 429 of DICHEMAZOAT AFOWLERD51216_COMPD 8.0 ES-APL Pos, Scan, Frsg 70
E]
100+
Mox: 253011
- g
w-
40-
1
20 - :
> L
e §
=
- 3 b - RS -
s o~
P b R (.
0 ' 1‘ A [, A . A ) ‘. AN
r p AT — - " ]
Instrument 1 6/12/2015 6:32:53 P¥ rajesh Page l1of1l
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Print of window EQ: MS Spectrum
Data File : D:\CHEM3Z\DATA\FOWLER\061215_cCCxPD 7B.D
Sample Name : 061215_cempd 7b.D

=== === Q O
Acq. Operater @ So Jeong l\,()
Acg. Instrument : Instrument 1 Location : Vial 1 Q
Injection Date : 6/12/2015 6:34:30 BM Inj : 1 [OT - |
Inj Velume : 1.0 pl
Acg. Method : D:\CHEM32\METHODS\DIR-INJ-POS.M
Last changed : 6/12/2015 6:33:45 ™M by Sc Jeong P
{modified after loading)
Analysis Method : D: \CHEM32\DATA\FOWLER\061215_COMPD 7B,.D\DA.M (DIR-INJ~POS.M, From Data
File)
Last changed : B/12/2015 6:36:06 PM by So Jeong
Method Info : Direct-inject (FIA) ESI posgitive
Al {0.1%Ac): Bl {MeQH); 25:75{v:v); 0.25ml/min
MS. Spectrum
MSD1 SPC, Ime=0230:0 418 of DICHEMAZOAT AFOWLERG1215_COMPD 7B.0  EG-API. Pos, Scan, Frag 70
1 =2
100 T
Max: q18g8
Bo..
w-
z a
40 - -
o
b
g
m_
=
3 i 3
- ¥
0- ik o A
— — ey T T — —
100 10200 2% 300 350 490 450 500 m/.
Instrument 1 6/12/2015 6:38:08 PM rajesh Page Lof1l
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Print of window 80: MS Spectrum

Data File :

Sample Wame : 061215 compd 7c.D

D: \CHEM32\DATA\FOWLER\061215_COMED 7C.D

Cowfd ¢

am=x

Acq. Operater
Acg. Instrument
Injection Date

Acg. Method
Last changed

Bnalysis Method

Last changed
Method Info

So Jeong
Instrument 1
6/12/2015 6:39:07 ™

Inj Volume

D: \CHEM32 \METHODS\DIR-INJ-POS.¥M
6/12/2015 6:36:08 FM by So Jeong
(modified after loading)

Location

D: \CHEM32\DATA\FOWLER\(61215_COMPD 7C.DA\DA

Fila)
6/12/2015 6:40:43 ™M by Sc Jeong
Direct~inject [FIR) ESI positive

Al {0.1%Ac): Bl (MeCH); 25:75({wv:iv);

M3 Spectrum

100

0=

1110

2725

TAGD1 SPC, lime=0.452:0.765 of DYCHEMIZDAT A OWLERIG1215_OOMPD 7C.0  ES-API, P05, Scan, Frag. 10

vial 1L
1.0 pl

[}
e

.

.¥ {DIR~-INJ~-POS.M, From Data

0,25=m1/min

o
§

Hax: 35414

279

T

T T T T T T T T

ml /3

100 50 200
Instrument 1 6/12/2015 6:41:04 BM rajesh
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Print of window 80: M3 Spectrum .

Data File : D:\CHEM32)\DATA\FOWLER\061215_NOR 7.D
Sample Name : 061215_nor 7.0

Acg. Operator
Acq. Instrument
Injection Date

Acq. Method
Last changed

.
:

:

So Jeong
Ingtrument 1 Location : vial 1 e
: 6/12/2015 6:46:22 PM Inj : 1 u-7</
Inj Volume : 1.0 pl lS:‘I |
D:\CHEM32\METHODS\DIR-INJ-POS.1 ‘ o ‘ - u

Analysis Mathed :

Last changed
Method Info

6/12/2015 6:44:04 PM by So Jeong
{modified after loading)
D:\CHEM32\DATA\FCNLER\O61215_NOR 7.D\DA.M (DIR-INJ-POS.M, From Data File)
6/12/2015 6:47:58 PM by So Jeong

Direct=inject (FIRA) ESI positive

Al (0.1%3Ac): Bl (MeQH)}; 25:75(v:v); 0.25ml/min

M3 Spectrum

Ner — F

Bu

iol

*MSB1 SPC, ime=0.283:0.420 ¢f DACHEMI2\DATAFOWLERDS1218 NOR 7.0 ESAPL, Poz, Scan, Frag: 70
(=3
1004 T
Max: 56881
80
m_
‘o—
w-
4
1
1 5 e
0+ ...L_h e
1 e L v 1 4 M 1] T v L {
100 180 200 250 300 350 .00 450 $00 m/3
Instrument 1 6/12/2015 6:48:18 PM rajesh Page lof 1
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CHAPTER 3.

Tetraethylene Glycol Promoted Two-Step, One-Pot Rapid Synthesis of Indole-3-[1-

"ClAcetic Acid

1. Abstract

Auxins are plant hormones which are essential in plant growth and development. Indole-3-
acetic acid (IAA) is the most abundant naturally occurring auxin. However the biosynthetic
pathway for IAA and the in vivo transformation pathway and mechanism for its biological
activity is still unclear. TAA labeled with carbon-11 has been developed as a radiotracer to
better understand its involvement is plant growth and development. Herein we describe rapid
synthesis of [''C]JIAA from radiocyanation of gramine with radioprecursor, [''CJHCN, in boiling
tetracthylene glycol (TEG) under no-carrier-added conditions to form the [''Clindole acetonitrile
followed by basic hydrolysis to form [''C]JIAA. The use of TEG enabled both cyanation and
hydrolysis steps to be performed in the same pot. By optimizing both steps, [''CJIAA was
produced with total synthesis time (including HPLC purification) of 40 min and total production
cycle including formulation in a small volume for plant studies of 50 — 55 min. Radiochemical

purity was > 98% and specific activity was 47.4 + 12.5 GBg/umol.

2. Introduction
Auxins are important plant hormones that play an essential role in plant cell growth and are

involved in a wide variety of developmental processes, including initiation of leaf primordia,
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apical dominance, phototropism, fruit development, and lateral root production'. In particular,
the plant hormone auxin directs many developmental responses including the elaboration of
branching patterns in the root by ubiquitylation and degradation of transcriptional co-repressor
proteins called Aux/IAAs®. Auxin signaling components are distributed throughout the plant and
proliferate via several different biosynthetic pathways to control specific developmental
processes.

Indole-3-acetic acid (IAA) is the most common and potent among naturally occurring
auxins’. Although IAA was structurally characterized in the 1930s, its translocation in the whole
plant in response to growth and environmental stimuli is still not completely understood*. There
are four tryptophan-dependent pathways which have been proposed for the biosynthesis of TAA.
These include indole-3-aldoxime, indole-3-pyruvic acid, indole-3-acetamide and tryptamine
pathways, none of which has been characterized’.

Positron emission tomography (PET) has been used as an efficient tool to monitor the
translocation of plant signaling molecules and carbon and nitrogen resource distribution in real
time via in vivo imaging of whole plants’. The use of PET to study plant metabolism has
stimulated the development of rapid synthetic procedures for the radiosynthesis of PET
radioisotopes (e.g. carbon-11: t;» = 20.4 min, nitrogen-13: t;» = 10 min.) and labeled small
organic radiotracers designed to study plant metabolism and signaling pathways’. The
development and application of PET radiotracers to probe the auxin biosynthesis pathway, to
study sites of auxin biosynthesis, and auxin distribution and metabolism builds on our recent
development of a rapid synthesis of [''C]IAA.

Most radiotracers for plants, with the exception of the radioactive gases (e.g. ''CO,, "NHj,

*N,), require formulation in appropriate vehicles and volumes for administration to roots and
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leaves. We previously reported the radiosynthesis of indole-3-[''CJacetic acid ([''C]JIAA) and its
biosynthetic precursor, [''Clindole-3-acetonitrile ([''CJIAN) as well as indole-3-[''C]acetamide
(["'CJIAM) as tools to examine signaling pathways for plant development’®. The basic strategy
for the synthesis of IAA was derived from the first publication describing cyanation of gramine
with sodium cyanide followed by hydrolysis to IAA in high yield (~90%) for synthesis of
tryptophol by H.R. Snyder in 1948%. Gramine was converted to [''Clindole-3-acetonitrile
(["'CJIAN) then to [''C]IAA via [''C]cyanide displacement followed by hydrolysis. However
there were critical constraints for [''C]JIAA production for plant PET imaging including the need
for the removal of a large excess of gramine after cyanation and final formulation of pure
[''CJIAA in microliter volume ( > 50 uL). This required optimization of the thereby it required
to optimize synthesis conditions and the development of appropriate formulation methods for
practical and frequent [''C]IAA production for plant studies.

In the past year, we further polished the original synthesis method and also developed a
reliable and remotely controllable formulation method to support our routine production of a
solution of [''C]JIAA which is concentrated enough for in vivo plant imaging purposes (0.2 — 0.4
GBg/0.15 — 0.3 mL , Figure 1)’. Even though both overall radiochemical yield and
concentration of [''C]IAA were doubled and specific activity was improved by a factor three via
this reinvestigated strategy, several drawbacks still existed and limited the routine production
including (1) requirement for massive amounts of starting radioactivity (500 to 600 mCi at EOB)
causing high radiation exposure to the production radiochemists; (2) complicated procedures and
many manipulations for production requiring extra time. According to this method, the total
production time with this method ranges from 80 — 85 min, which is four half-lives of carbon-11.

In order to compensate for the radioactive decay due to the long radiosynthesis and formulation
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times and assure enough radioactivity for a plant imaging study, previous production generally
required a 15 — 25 GBq (you switched from mCi to MBq) of starting H''CN radioactivity. The
large amount of starting radioactivity and considerable handling during formulation resulted in

unacceptably high radiation exposure to chemistry personnel.

/ L0
N 1 e 107
N 1.DMSO, 2.SPE CN 3 Alkaline 4. Acidification C\OH 5. SPE .
N H'CN purification N\ hydrolysis  and HPLC purification "\ formulation  ["'CJIAA
N . N . | N > aqueous solution
H Heating N Heating N
Gramine SPE: solid phase extraction ["'CJIAN [""ClIAA

Figure 1. Previously reported radiosynthesis process of [''CJIAA’

With the aim of developing an efficient radiosynthesis method, i.e. the total process time at
60 min or less (rule-of thumb of carbon-11 labeled radiotracer production: overall time < 3
half-lives), as well as reducing radiation exposure to the production radiochemists, we developed
a simplified two-step, one-pot method for the radiosynthesis of [''C]IAA which is significantly

faster and which requires far less starting radioactivity.

3. Experimental details

3.1. General

All commercial chemical reagents, 3-(dimethylaminomethyl)indole (gramine), indole-3-
acetic acid, indole-3-acetonitrile and indole-3-acetamide, and solvents for synthesis and analysis
were purchase from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) with a minimum of
ACS reagent grade and used without further purification. Solid phase extraction (SPE) cartridges
(SepPak® C18 plus) manufactured by Waters (Waters® Association, MA, USA) were used. The
reaction was carried out in a 10cc microwave reaction vial (Biotage® INC., VA, USA) to endure

high pressure and sealed by a particular cap and septa (Biotage® Inc., VA, USA). Thus, semi-
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reflux reaction system was maintained with a variety of alcoholic solvent/water solvent for
hydrolysis and water was condensed on the cap.

Preliminary model reactions performed without radioisotope labeling were characterized by
ultra-high performance liquid chromatography (UHPLC) using an Agilent model 1200 system
(Agilent Technologies Inc., Santa Clara, CA). High and low levels of radioactivity were
measured using a Capintec CRC-712MV and a Capintec CRC-ultra radioisotope dose calibrator
(Capintec Inc. NJ, USA) respectively. Semi-preparative high performance liquid
chromatography (HPLC) was performed using a Knauer HPLC system equipped with a model
K-1001 pump, a model 87 variable wavelength monitor, a Nal detector and a SRI peak simple
integration system. Analytical HPLC was performed using a Knauer model K-1001 pump, a
Knauer model K2501 UV detector (254nm), a Geiger Muller ionization detector and a SRI Peak
simple integration System. Radiochemical yields (decay-corrected back to end of cyclotron
bombardment (EOB)) were obtained based on the total radioactivity trapped in the reaction
vessel at the start of the reaction. Specific activities, decay corrected back to EOB and recorded
in mCi/nmol, were determined from the C-11 activity in the product peak in the HPLC and the
mass of compound. Total synthesis times were calculated from EOB to the end of radiotracer

formulation.

3.2. Production of [''C]CO; and [""CJHCN

Carbon-11 was generated as [''C]CO, using 17.4 MeV proton irradiation of N, gas target
containing 100 ppm O, to induce the *N(p, a)''C nuclear reaction. Irradiations were carried out
on the BNL EBCO TR-19 cyclotron. The [''CJHCN was produced via automated gas phase

synthesis by a homemade system'’. Briefly, [''C]CO, produced from this process was collected
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over molecular sieves, catalytically reduced to [“C]CH4 with H, over Ni at 420°C. The
[''C]CH, was converted the H[''C]CN by adding gaseous ammonia and passage through a Pt
furnace at 950°C at a flow rate of 350~400mL/min. Radioactivity measurements were made in a

Capintec CRC-712MYV radioisotope dose calibrator (Capintec Inc., Ramsey, NJ).

3.3. General radioanalytical procedures for optimizing the [''C]cyanation and
hydrolysis steps

During the optimization, the radiochemical yield of the [''C]cyanation reaction was
determine by HPLC analysis of a 50uL aliquot of the crude mixture from the [''C]cyanation
reaction. HPLC conditions: acetonitrile/water containing formic acid (0.1% v/v) (25/75) at a
flow rate of 1.5mL/min on Phenomenex Gemini NX CI18 column (250 X 4.6 mm). The C-11
labeled intermediate, [''CJIAN, was eluted at 19.5 min (Figure 2). For optimizing the hydrolysis
step, the same HPLC conditions as above were used. Radiochemical yields in Table 1 and Table
2 are calculated by comparing the radioactivity eluted in the product peak to the total
radioactivity injected. The chemical identities of resulting compounds were determined by co-

injection with commercially available standards of IAN and [AA.
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Figure 2. A typical analytical HPLC profile of [''C]cyanation of gramine to [''CJIAN
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The chemical identities of crude mixture from [”C]cyanation of gramine were determined by co-
injection with commercially available standards of IAM, IAA and IAN. Peak 1 in UV profile (A)
indicates IAN without C-11 labeling; correspondent peak 1’ in Radio profile (B) shows [''CJIAN
yield by [''C]cyanide displacement.
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3.4. Radiosynthesis of [''Clindole-3-acetic acid via two-step, one-pot method based on
optimized conditions

Radiosynthesis was performed based on the optimized conditions shown on entry 8 in table 1
and entry 15 in table 2. Gramine (2 mg, 11.5umol), K,COs (2 mg, 14.5umol) was prepared in
the U-shape reaction vessel with a stir bar and dissolved in 0.3 mL or TEG containing 20 uL of
water. After trapping the [''Clcyanide directly into the reaction vessel for 3 min at room
temperature, the cyanation reaction was performed at 145°C for 5 min. To the crude reaction
mixture, 3 mmol of NaOH aqueous solution (10 M solution, 0.3 mL) and water (0.43 mL) was
added. The reaction vessel was submitted into 145°C oil bath again and reaction mixture was
vigorously stirred for 8min at the same temperature. The hydrolysis was quenched with 1.4
equivalent of conc. HCI (0.35 mL, 4.2mmol). The resulting mixture containing reddish colored
residue was diluted with 1 mL of HPLC solvent and injected into semi-preparative HPLC for
purification. Pure [''C]IAA was eluted at 19 min using a Phenomenex Gemini C18 column (250
x 10.00mm) with isocratic solvent system (acetonitrile/water containing formic acid (v/v
0.1%)=25/75) and flow rate set at 5.5mL/min (Figure 3). Total synthesis time including semi-

prep purification was 45~50 min.
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Figure 3. A typical semi-preparative HPLC purification profile of [''CJIAA
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The crude mixture from the synthesis of [''C]IAA via two-steps-one-pot method was purified by
preparative HPLC: highly polar C-11 labeled impurities was eluted from 2 min to 8min (1);
["'CJIAA (2) was eluted at 19.4 min and separated; Isocratic solvent system (acetonitrile/water

containing formic acid (v/v 0.1%)=25/75) was switched at 22min to 100% of acetonitrile to elute

all organic C-11 labeled impurities (3) left inside the HPLC column.
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3.5. Formulation of [HC]indole-3-acetic acid ([UC]IAA

The formulation procedure was modified and optimized based on our previous study’. The
pure [''CJIAA, from the semi-preparative HPLC was diluted with aqueous formic acid solution
(0.1% v/v, 40 mL) then passed through a C18 plus SepPak cartridge. The cartridge holding
[''CJIAA was rinsed with 5 mL of deionized water and then dried with air to minimize dead
volume of water left. The [''C]IAA was eluted with diethyl ether (1.5mL) into the final product
vial containing 20 uL. of MES buffer solution (2-(N-morpholino)ethanesulfonic acid, 5% w/v).
The product was concentrated by drying diethyl ether with a stream of Ar at 50°C for Imin. One
production cycle from EOB to the formulation procedure required 55~60 min.

3.6. Quality control and specific activity determination

Quality control and specific activity determination was determined as described previously’.
Briefly the radiochemical purity and specific activity of [''C]IAA was determined by an
analytical HPLC system with a Gemini C18 analytical HPLC column (250 X 4.6 mm, Sum,
Phenomenex) using acetonitrile/water containing formic acid (0.1% v/v) (25/75) at a flow rate of
1.5mL/min. The [''C]IAA eluted at 11 min. A UV standard calibration curve was established
using an authentic sample of IAA and used for the mass determination (Figure 4-A). The injected
radioactivity was measured in the range of MBq using a low dose Capintec radioisotope dose
calibrator. The specific activity was determined as the ratio of the injected radioactivity (GBq,
decay-corrected to EOB) and mass (umol). The radiochemical purity (%) was determined by
integrating radio peaks on the analytical HPLC profile (Figure 4-B). The chemical identity of the

product was determined by co-injection with a standard indole-3-acetic acid sample.
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Figure 4. A typical analytical HPLC for quality control of [''CJIAA
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After purification and formulation of final product [''CJIAA, radiochemical purity and specific
activity of the final product was determined by analytical HPLC without coinjection of unlabeled
IAA. The integration area of peak 1 in the UV profile (A) indicates mass of a known amount of
purified [''CJIAA; radiochemical purity of [''CJIAA was determined by integration of peak 1’ in
the radio profile (B)
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4. Results and discussion

When considering the whole synthetic process of [''C]IAA (Figure 1), we first focused on
eliminating the step of solid phase extraction (SPE) purification of intermediate [''C]JIAN. In

7 9 dimethyl sulfoxide was used in nucleophilic [''C]cyanation for

our previous report
synthesizing [''C]JIAN from gramine and H''CN. Except for the residual amount of ammonia
(NH3) from production of H''CN, there was no other base involved in the nucleophilic
[''C]cyanation. Although DMSO provided a very good yield for ''CN™ substitution, it inhibited
the alkaline hydrolysis of [''C]JIAN and required removal by an SPE step’®. In order to switch to
another solvent system, which could be compatible with both efficient nucleophilic
[''C]cyanation and alkaline hydrolysis reactions, we resorted to the conditions reported by
Snyder and Pilgrim over six decades ago.® In their synthesis of IAA, gramine and NaCN were
reacted in boiling aqueous ethanol solution for over eight hours to give IAN and IAM with ~ 90%
overall yield.

Inspired by this original process, we designed a two-step, one-pot method for the
radiosynthesis of [''CJIAA (Figure 5). In the initial test of the one-pot IAA synthesis, gramine,
K,CO3; and KCN were added into aqueous ethanol solution and the reaction mixture was boiled
for 10 min; after which concentrated base NaOH was immediately added into this mixture and
maintained at boiling status for an additional 10 min. The results from the analysis of the
reaction mixture by analytical HPLC proved that a trace amount of IAA was formed.
Encouraged by these results, we immediately conducted the [''C]cyanation reaction under

similar conditions. Analysis by radio-HPLC showed an 8% yield of [''CJIAN from the

[“C]cyanation reaction. In addition, the detection of a trace amount of [''C]IAA also proved the
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feasibility of the radiosynthesis of [''C]JIAA without the purification of the intermediate
['"'C]IAN (Table 1, Entry 1). We then carried out a series of radiosynthesis experiments utilizing

this two-step, one-pot strategy.

O
- %
N_ 1. Alcoholic solvent 2. Alkaline 3. Acidification & "<, spe :
N K,CO4/K''CN N hydrolysis HPLC purification @E\g CH M, .I "
N ; .
B Heating Heating ”
Gramine ["CIAA ["'CIIAA in water

Figure 5. Scheme of designed two-step-one-pot method

Hoping to improve the yield of the [''C]cyanation reaction, ethanol was replaced with
ethylene glycol (EG) and a higher reaction temperature (145 °C) was tested and the results
showed that these changes clearly benefited the reaction (Entry 2). At this moment, another
alcoholic solvent, tetracthylene glycol (TEG), was brought to our attention because it showed
very good compatibility with nucleophilic substitution reactions''. Presumably, this bis-terminal
hydroxyl oligoether can act as a general Sx2 reaction promoter by chelating with metallic cations
and decreasing their interaction with the anion. Therefore, the nucleophilicity of an anion, such
as cyanide ion, will be greatly enhanced. The next radiolabeling experiment, in which TEG and
water were used as solvents, provided very promising results and the yield of [''C]cyanation
reaction dramatically improved to 68% (Entry 3). The overall yield of entire synthesis process,
however, was still not adequate. An additional experiment showed that a shorter reaction time
was better for the [“C]cyanation reaction (Entry 4). The more meaningful result was that the
overall yield sharply increased to 38% by increasing the base concentration (from 2 mmol to 3
mmol) and water volume in the hydrolysis step. At this stage, we investigated the effect of

temperature on the [''C]cyanation reaction. The lower reaction temperature was less favored
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since it decreased the reaction yield (Entry 5). Increased temperature did not benefit the reaction,
either (Entries 6 — 7). When water was removed entirely from the [“C]cyanation reaction, the
yield clearly dropped (Entry 8). When only a small portion of water (0.02 mL) added, the
[''C]cyanation reaction yield increased to 81% (Entry 9). We speculate that the addition of
water helped to dissolve the K,COs salt and that bringing potassium cation into the reaction
system improved the solubility of [''C]cyanide anion in organic solvent. Presumably, increasing
the amount of gramine precursor would improve the [''C]cyanation reaction yield. However,
since we eliminated the purification of the [''C]JIAN intermediate by SPE, the total mass of crude
reaction mixture loaded onto the semi-prep HPLC column when purifying the final product
[''C]IAA already exceeded that of our previous reported method'"'?. In order to assure adequate
resolution for purification of the final product [''CJIAA and to extend the lifetime of the semi-

prep HPLC column, we opted not to attempt to improve the yield by simply increasing the

amount of starting material.

Table 1. Screen of better reaction conditions® "

’ 1 1 //O
N\ Alcoholic solvent / H,0O CN Aqueous NaOH C\OH
(I\g heating, 5~10 min N N\ heating, 5~10 min N A
Pz 1 N N
H K,CO5/ K''CN N N
Gramine (Nucleophilic ["C]cyanation]  ["'C]IAN [Alkaline hydrolysis] ["'ClIAA

Entry [“C]Cyanation reaction [""CIIANY  Alkaline hydrolysis [''CJIAA Overall

conditions® RCY (%) conditions® RCY' (%)
1 EtOH/H,0 (0.6 mL/0.2 mL) 8 0.6 mL, 4 mmol 0.06
120 °C, 10 min 120 °C, 10 min
2 EG/H,0 (0.3 mL/0.1 mL) 20 0.3 mL, 2 mmol 4
145 °C, 10 min 145 °C, 10 min
3 TEG/H,0 (0.3 mL/0.1 mL) 68 0.3 mL, 2 mmol 3
145 °C, 10 min 145 °C, 10 min
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4 TEG/H,0 (0.3 mL/0.1 mL) 75 0.6 mL, 3 mmol 38

145 °C, 5 min 145 °C, 5 min

5 TEG/H,0 (0.3 mL/0.1 mL) 56 0.6 mL, 3 mmol 29
140 °C, 5 min 140 °C, 5 min

6 TEG/H,0 (0.3 mL/0.1 mL) 73 0.6 mL, 3 mmol 37
150 °C, 5 min 145 °C, 8 min

7 TEG/H;0 (0.3 mL/0.1 mL) 75 N/A N/A
160 °C, 5 min

8 TEG (0.3 mL) 62 0.75 mL, 3 mmol 33
145 °C, 5 min 145 °C, 8 min

9 TEG/H,O (0.3 mL/0.02 mL) 81 0.75 mL, 3 mmol 25
145 °C, 5 min 145 °C, 8 min

* A series of radiolabeling experiments was performed with a 2 min proton beam produced by a
cyclotron. The "“N(p,a)''C nuclear reaction was induced by the proton irradiation to generate
the radioisotope ''C (refer to 2. Experimental Section, General).

® Hydrogen [''C]cyanide was produced by our in-house built H'"CN production system and
trapped with K,CO3 in reaction vial efficiently as K''CN form."

Solvent, T (°C), t (min); EG (ethylene glycol); TEG (tetraethylene glycol)

YRCY (radiochemical yield, decay-corrected) of [''C]JIAN was calculated based on HPLC
analysis of a measured aliquot of the crude reaction mixture.

“Total HO (mL), NaOH (mmol); temperature (°C), reaction time (min)

"Overall RCY of [''CJIAA was calculated based on HPLC analysis of measured aliquot of the
crude product mixture for entry 1, 2 , 3 and 6; hydrolysis step was not applicable for entry 7;
overall RCY of [''C]IAA was obtained after semi-prep HPLC purification for entry 4, 5, 8 and 9.

At this stage, in addition to having optimized the [''C]cyanation reaction conditions (Table 1,
Entry 9), we had also gained important information about improving the alkaline hydrolysis
reaction. There were two critical factors affecting hydrolysis of [''C]JIAN. The first was that a
sufficient amount of water was needed for hydrolysis, which is clear when comparing results of
two experiments (Table 1, Entries 3 and 4). Secondly, in order to assure a rapid hydrolysis

compatible with the short half-life of carbon-11 isotope, a high reaction temperature (140 -160

158



°C) is needed. During the experimental process (Table 1, Entry 3), we found that a small amount
of water condensed at the top of the reaction vessel. We attributed the removal of H,O from the
reaction mixture as the main cause of the low overall reaction yield (3%). On one hand, it
decreased the amount of H,O for the hydrolysis reaction; on the other hand, it clearly increased
the concentration of NaOH, which could possibly cause more side reactions. After increasing
total water amount to 0.6 mL, better reflux was observed and overall reaction yield was
dramatically improved (Table 1, Entry 4).

With the optimized [''C]cyanation reaction conditions in hand, we further scrutinized the
alkaline hydrolysis conditions by fine-tuning several reaction parameters including the base
strength, reaction time and reaction temperature (Table 2, Entries 10 to 15). The results showed
that the combination of 0.75 mL of H,O, 4 M NaOH and 8 min reaction time increased the
hydrolysis reaction yield to 55% (Table 2, Entry 15). In addition to NaOH, LiOH, which could
be a mild basic hydrolysis agent'®, was also tested for the alkaline hydrolysis reaction and only
gave 31% yield and so is less favored for this reaction (Table 2, Entry 16).

Table 2. Further optimization of hydrolysis reaction of [''C]JIAN to ''CJIAA®

O

4

1CN 1. Aqueous base, 3.3-5.0 M MC\OH
N 140 - 145 °C, 5 - 10 min N (\ N
N 2. HCI acidification Z N
H H

3. Semi-prep HPLC

[''C]IAN ['"C]IAA
Entry Solvent” NaOH Reaction time RCY ['CJIAA®

(mmol) (min) (%)
10 TEG/ H,0 (0.3 mL/0.6 mL) 2 10 19
11 TEG / H,O (0.3 mL/0.6mL) 3 8 46
12 TEG / H,O (0.3 mL/0.6 mL) 3 10 42
13 TEG / H,O (0.3 mL/0.6 mL) 3 5 35
14¢ TEG / H,0 (0.3 mL/0.6 mL) 3 8 34
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15 TEG/H;0(03mL/0.75mL) 3 8 55
16  TEG/H,0 (0.3 mL/0.75 mL) 3 8 31
(LiOH)

* Hydrolysis and [''C]cyanation were carried out in the same reaction vessel without intermediate
purification. ® The solvents for hydrolysis came from the [''C]cyanation reaction and extra water
and NaOH were added. *[''C]IAA was purified by semi-prep HPLC and RCY (decay-corrected)
in this table refers to conversion in the hydrolysis step only (100 x [''CJIAA/ [''C]IAN). ¢ All
the experiments above were performed at 145 °C except for entry 14 which was conducted at
140 °C.

Once conditions for both the [''C]cyanation and hydrolysis steps were optimized, a new two-
step, one-pot method was established for rapidly synthesizing the PET radiotracer [''C]IAA. By
replacing the polar aprotic solvent DMSO with tetraethylene glycol, the SPE purification of
reaction intermediate [''C]JIAN was successfully eliminated from the whole synthesis process.
Both the nucleophilic [''C]cyanation and alkaline hydrolysis reactions can be consecutively
performed in one pot. This change obviously simplified the synthesis process and shortened the
total synthesis time from 80 -85 min to 55 — 60 min. In addition, the investigation of several
reaction parameters for both reactions, such as reaction temperature, reaction time, solvent
amount and base strength, etc., helped to further polish the whole synthetic process. To confirm
the robustness of our newly developed synthetic method, we combined the optimum reaction
conditions for both reactions (Table 1, Entry 8 and Table 2, Entry 15) and repeated the synthesis
of [''CJIAA five times under the optimized reaction conditions (Figure 6). The results show the
high reliability of this newly established synthetic process. With a two-min cyclotron beam time,
which generates ~ 8.1 GBq (220 mCi) of ''CO,, 0.22-0.46 GBq (6.1-12.4 mCi) of [''CJIAA
product was obtained at the end of synthesis (EOS). The overall radiochemical yield (ORCY)
for both steps was 33 + 9.5% (calculated from H''CN radioactivity collected in reaction vessel)
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and was 18.9 + 6.4% (calculated from ''CO, radioactivity generated from a two-min cyclotron
beam). The radiochemical purity of final product was 98% and the specific activity of final
product was 47.4 + 12.5 GBg/umol. The complete processing time, calculated from end of

bombardment (EOB) to the end of formulation, ranged from 55 to 60 min.

N/ ’Mc\
N 1. TEG/H,0, 2. NaOH 3. HCI OH 4.C18Plus ¢
E\ N\ _ KoCOy/H'CN (T\g (10.0M, ag)  (12.0M, aq) (\ N\ _formulation ] '
Z N > o Semi-Prep HPLC = N
H 145 °C, 5 min N 145 °C, 8 min purification
R TEG: Tetraethyleneglycol
Gramine ["'C]IAN ["clAA [""C]IAA in water

Overall radiochemical yield (ORCY, decay-corrected): 33 + 9.5 %; range from 24 - 51 % (n =5, calculated from H'!CN activity )
ORCY (decay-corrected): 18.9 £ 6.4 %; range from 14.9 - 30.9 % (n = 5, calculated from ''CO, activity)

Radiochemical purity > 98 %, Specific activity: 47.4 £12.5 GBq/pmol (n =5, range from 44.4 - 96.2 GBq/nmol)

Total production time (including purification and formulation): 55 - 60 min

Figure 6. Reaction parameters of the optimized two-step, one-pot method

5. Conclusion

In summary, we successfully developed a two-step, one-pot method for routine production of
[''C]IAA to support plant imaging research. By replacing the polar aprotic solvent DMSO with
protic tetraethylene glycol, both [''C]cyanation and alkaline hydrolysis reactions were performed
in same pot without purification of the [''CJIAN intermediate and whole process successfully
yielded [''CJIAA with high radiochemical purity and high specific activity with reasonable
radiochemical yield. The total synthesis time required is 40 min and the entire production cycle
including HPLC purification and formulation product into a small volume of aqueous solution
(0.15 — 0.3 mL) was complete in 55 min. Considering the short half-life of carbon-11 (20.4

min), reducing the total production time to less than 60 min and simplifying the synthesis
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procedure is exceedingly beneficial to the practical use of this tracer for in vivo PET imaging
studies. Furthermore, the efficient [''C]cyanation procedure specifically using tetraethylene
glycol with potassium salts as a nucleophilic substitution promoter is potentially useful for the
development of other [''C]cyanation reactions when preparing PET radiotracers containing the

[''Cleyano group. Research utilizing the radiotracer [''CJIAA for in vivo plant studies via PET

imaging is in progress.
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4. Radiosynthesis of [2-''Clindole via rapid nucleophilic [''C]cyanation

followed by reductive cyclization

1. Abstract

A practical and efficient method for synthesis of Carbon-11 (”C, B+ emitter, t;» = 20.4 min)
labeled indole was developed using [''C]cyanide as radiolabeling precursor. Based upon a report
for synthesis of 2-nitrophenylacetonitrile, a highly reactive substrate 2-nitrobenzylbromide was
tested for nucleophilic [''C]cyanation and related reaction conditions were explored for quickly
obtaining of 2-nitrophenyl [''CJacetonitrile. Next, a Raney Nickel catalyzed reductive
cyclization method was utilized for synthesizing desired [2-''Clindole with hydrazinium
monoformate as active reducing agent. After the extensive investigation for both reactions in
several parameters, which including basicity, temperature and stoichiometry, an efficient and
two-step method was established to reliably provide [2-''CJindole with an overall radiochemical
yield of 21 £2.2% (n = 5, ranging from 18 — 24%). The radiochemical purity of the final
product was > 98% and specific activity was 176 + 24.8 GBg/pmol (n = 5, ranging from 141 —
204 GBg/pumol). The total radiosynthesis time including product purification by semi-

preparative HPLC was 50 — 55 min from end-of-bombardment.

2. Introduction
The synthesis of indole and its derivatives has played a prominent role in organic chemistry
because of the importance of the indole ring containing natural products, such as alkaloids and
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other biologically active molecules'. One of the most important plant hormone, indole-3-acetic
acid (auxin or IAA), is such an example and it plays a pivotal role in plant growth and
development®. It is known that indole is the core precursor for all five known auxin biosynthetic
pathways including tryptophan-dependent and tryptophan-independent pathways’. Tracking the
downstream flow of indole, could help us to understand some questions, such as the relative
importance of the different auxin biosynthesis pathways in different plant tissues as well as the
role of auxin biosynthesis in plant-microbe interactions”.

Our group has been interested in developing practical methods for synthesizing carbon-11
(“C, ti» = 20.4 min) radiolabeled auxin and its biosynthetic intermediates and using them for
investigation of plant metabolisms and for plant in vivo imaging study. Using [''C]cyanide as
radiolabeling precursor, we had reported the radiosynthesis of indolyl-3-[1-''C]acetonitrile
([''CJIAN), indolyl-3-[1-''CJacetamide (["'CJIAM), as well as indolyl-3-[1-''CJacetic acid
([''CJIAA) using DMSO*. Recently, we further developed a fast and more efficient method for
the synthesis [''C]JIAA in a two-step, one-pot manner by replacing DMSO with tetraethylene
glycol as reaction solvent’. In addition to labeled auxin, we were also very interested in
synthesizing ''C-labeled indole since this radiotracer could help us to better map and understand
the biosynthetic pathways for auxin in different plant tissues.

The synthesis of molecules containing indole ring as core structure has been extensively
investigated and well developed, and the related work has been summarized®. In contrast, there
are only limited reports related to the incorporation of isotopes into the indole ring. In 2002,
Czeskis and colleagues reported an elegant method for synthesis of 4-hydroxy [2-'*Clindole’.
Starting from Na'*CN, they first synthesized p-chlorophenoxy [1-'*CJacetonitrile in 65% yield.

Next, this carbon-14 ('*C) labeled acetonitrile was reacted with benzyl-protected 3-nitrophenol
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via a vicarious nucleophilic substitution reaction to afford a 2-nitrophenyl acetonitrile derivative.
Finally, palladium catalyzed triple hydrogenation reduction and cyclization provided desired '*C-
labeled 4-hydroxyindole. (need to know the mechanism) Four years later, Pedras and Okinyo
reported a synthesis of stable isotope deuterium labeled [5,6,7,8-"Hilindole using
chloroacetonitrile direct alkylation and reductive cyclization reactions®. More recently, two
isotopically labeled indole compounds had been reported by Czeskis’. First of all, 2-nitrophenyl
acetonitrile was obtained with 52% yield by reacting 2-nitrobenzylbromide with NaCN in
aqueous DMSO. Further transformation from this intermediate provide both deuterium and "*C
lableled indole derivatives (Scheme 1).

Scheme 1. Three reports of synthesis of deuterium or 'C labeled indole derivatives
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N o
o ™al 14 OH
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e —— Mo _ ,C B. A. Czeskis et al. in 2002
65% t-BUOK, DMF 7% N
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yl 4-Hydroxy-[2-“C]indole
2] 2 2
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_ DMsO,20°C CN _EtOAcrt N M. S. C. Pedras and D. P. O. Okinyo
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[4,5, 6.7-2H,lindole

Br aqueous DMSO CN —> N\ Vg
— N & N B. A. Czeskis in 2012
NO. H H

3-[2Hg]cyclopentyl-indole  3-cyclopentyl-[2-'4Clindole
Additionally, two methods for synthesis of 'C-labeled indole, [2—“C]indole, had been
reported in 1998 and 1999 by same research group (Scheme 2)'’: in the first report, the
[''C]CH3NO, was used as radiolabeling precursor and titanium(IIl) chloride was used as
reducing agent for second step — reductive cyclization to form desired [2-''Clindole. The more
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common radiolabeling precursor ''CH;I was used in the second report. Once [''C]CH;I reacted
with triphenylarsine to form the [''C]methyltriphenylarsonium iodide, 2-nitrobenzylaldehyde
was immediately added into reaction mixture. After cooling to -25 °C, the strong base butyl
lithium was added to convert arsonium salt to [''C]triphenylarsoniummethylide. Next, the
reaction mixture was heated to 120 °C for 2 min to give expected [2-''CJindole. Although both
reports showed that [2-''Clindole could be synthesized successfully, the latter method, in which
""CH;I was directly used as radiolabeling precursor, seems more attractive since all reactions
could be run with an one pot manner. Surprisingly, both reports only showed the analytic HPLC
data for the reaction mixture. Neither the description about the purification of reaction mixture
nor the radiochemical yield of [2-''Clindole was reported.

Scheme 2. Previous reports for synthesis of ''C-labeled indole
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’ ' [2-"1Clindole

Given the long history of utilization of H''CN as radiolabeling precursor to synthesize
various ''C-labeled bioactive radiotracers'' and above-mentioned successful examples of
cyanide based methods for synthesizing various isotopically labeled indole derivatives', we
envisioned to synthesize [2-''CJindole by using [''CJHCN as radiolabeling precursor (Scheme

3). Starting from 2-nitrobenzylbromide (bromide), nucleophilic cyanation with [''Clcyanide
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(["'CICN") could provide us with 2-nitrophenyl [''Clacetonitrile (/"' C/nitrile). Reductive
cyclization, if successful, should provide us desired radiotracer, [2—“C]indole.

Scheme 3. Our design of synthesis [2-''Clindole using H''CN as radiolabeling precursor

1
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NO,  Nucleophilic cyanation NO, Reductive cyclization N

H

Bromide [''C]Nitrile [2-"CJindole

We were optimistic that the cyanation strategy followed by reductive cyclization could be
translated to carbon-11 based on many previous examples showing that nucleophilic
[''C]cyanation with H''CN is a practical and reliable method to prepare C-11 labeled nitrile
intermediates for a variety of compounds. However, we also anticipated problems based on
reports of that nitro-substituted benzyl halides react with cyanide to form the benzyl cyanide
which readily undergoes further alkylation reactions with the benzylic halide to produce the
known 2,3-bis-(2-nitrophenyl)propanenitrile at the expense of the 2-nitro benzyl cyanide under
basic conditions (Scheme 4).
Scheme 4. Reaction of nitrobenzyl bromide with NaCN to form 2-nitrobenzyl cyanide

(nitrile) and side-product (dimer) under basic conditions'?

CN
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Kalir and Mualem minimized the formation of dimer by reducing the pH and increasing the
ratio of cyanide to mitrile. Adapting these conditions to cyanation with no-carrier-added

[''C]cyanide was challenging because the chemical quantity of cyclotron-produced [''C]cyanide
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is fixed and very small (< 0.03 pmol, < 0.06 mM) whereas mg quantities (10 mg, 46.3 umol, 93
mM) of the benzyl halide precursor is typically used to drive the nucleophilic substitution
reaction resulting in a ratio of benzyl halide to [''C]cyanide of 1550:1 in the typical reaction
volume of 0.5 mL. Though this high ratio of substrate to radioprecursor greatly favors the
nucleophilic substitution reaction, it also favors side product formation and interferes with
subsequent steps in the synthesis and in product purification where a very small chemical mass
of labeled product must be separated from unreacted starting material and/or decomposition
products within 60 min practical time frame for carbon-11 (t;2: 20.4 min),

Herein we report the screening and development of various conditions to optimize nitrile
formation vs side-product formation using with NaCN (referred to as carrier-added) and the
adaptation of these conditions to the radiosynthesis synthesis of 2-nitro-benzyl [''C]cyanide from
the reaction of 2-nitro-benzyl bromide with no-carrier-added H''CN followed by rapid reductive

cyclization and purification.

3. Experimental details

3.1. General

All commercial chemical reagents, 2-nitrobenzyl bromide, 2-nitrophenylacetonitrile, 18-
crown-6, potassium bicarbonate, potassium carbonate, Raney-nickel in water (60% slurry),
hydrazine monohydrate, formic acid (98%) and solvents for synthesis and analysis were
purchase from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) with a minimum of ACS
reagent grade and used without further purification. Solid phase extraction (SPE) cartridges

(SepPak® C18 plus) manufactured by Waters (Waters® Association, MA, USA) were used.
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The reaction was carried out in a 10 cc microwave reaction vial sealed by a cap and septum to
withstand high pressure (Biotage® INC., VA, USA). Thus, semi-reflux reaction system was
maintained with a variety of alcoholic solvent/water solvents for hydrolysis and water was
condensed on the cap.

Preliminary model reactions performed without radioisotope labeling were characterized by
ultra-high performance liquid chromatography (UHPLC) using an Agilent model 1200 system
(Agilent Technologies Inc., Santa Clara, CA). High and low levels of radioactivity were
measured using a Capintec CRC-712MV and a Capintec CRC-ultra radioisotope dose calibrator
(Capintec Inc. NJ, USA) respectively. Semi-preparative high performance liquid
chromatography (HPLC) was performed using a Knauer HPLC system equipped with a model
K-1001 pump, a model 87 variable wavelength monitor, a Nal detector and a SRI peak simple
integration system. Analytical HPLC was performed using a Knauer model K-1001 pump, a
Knauer model K2501 UV detector (254nm), a Geiger Muller ionization detector and a SRI Peak
simple integration System. Radiochemical yields (decay-corrected back to end of cyclotron
bombardment (EOB)) were obtained based on the total radioactivity trapped in the reaction
vessel at the start of the reaction. Specific activities, decay corrected back to EOB and recorded
in mCi/nmol, were determined from the C-11 activity in the product peak in the HPLC and the
mass of compound. Total synthesis times were calculated from EOB to the end of radiotracer

formulation.
3.2. Controlled production system for anhydrous [''C|[HCN

3.2.1. Production of [''C]CO; and [''C]HCN
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Carbon-11 was generated as [''C]CO, using 17.4 MeV proton irradiation of N, gas target
containing 100 ppm O, to induce the *N(p, a)''C nuclear reaction. Irradiations were carried out
on the BNL EBCO TR-19 cyclotron. The [''CJHCN was produced via automated gas phase
synthesis by a homemade system'’. Briefly, [''C]CO, produced from this process was collected
over molecular sieves, catalytically reduced to [''C]CH4 over reduced Ni at 420°C. The
[''C]CH, was converted the [''CJHCN by adding gaseous ammonia and passage through a Pt
furnace at 950°C at a flow rate of 350~400mL/min. Radioactivity measurements were made in a
Capintec CRC-712MYV radioisotope dose calibrator (Capintec Inc., Ramsey, NJ).

3.2.2 Purification of ['"CJHCN

The purification procedure for delivering anhydrous [''CJHCN was modified and optimized
based on previously published method'*. [''CJHCN was transferred from the cyclotron vault in a
gas stream in the presence of NH; and H,O. Before trapping of the [''Clcyanide, it was passed
through 5 mL of 50% sulphuric acid heated to 65 °C followed by 1 — 2 g of phosphorous
pentoxide. Anhydrous [''C]cyanide was trapped in reaction vessel containing reaction solvent

(0.3 mL), cation source (0.3 mmol) in presence of 18-C-6 (0.6 mmol) and magnetic stirring bar.

3.3. Nucleophilic [HC]cyanation for [HC]benzyl nitrile intermediate

3.3.1. General radioanalytical procedure for analysis of [''C]cyanation

50 uL of aliquot from the crude mixture was used for confirmation of the formation of
[''C]2-nitrophenyl acetonitrile ([''C]nitrile) via cyanation by analytical HPLC using an isocratic
system with aqueous formic acid solution (0.1%)/methanol=50/50 at a flow rate of 1 mL/min on
a Eclipse XDB-C8 column (Agilent, 4.6 x 150 mm, 5 pm). The [''C]nitrile eluted at 3-4 min

under these conditions. HPLC solvent was switched to 100% methanol at 4-5 min and [''C]2,3-
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bis-(2-nitrophenyl)propanenitrile ([''C]dimer) was eluted at 8-9 min. Radiochemical yield
(decay-corrected) of [''C]nitrile was obtained based on eluted radioactivity after aqueous
workup by solid phase extraction using SepPak® CI18 plus cartridge. The proportion of
["'C]nitrile and ["'C]dimer (9/1, m/m) extracted from SepPak CI18 plus was determined by
analytical HPLC analysis of an aliquot of the Sep-pak eluate. Analysis of [''C]cyanation result
by analytical HPLC was shown in Supplementary Part 2.

3.3.2. Optimized radiosynthesis of [HC]2-nitr0phenylacetonitrile ([HC]nitrile) from 2-
nitrobenzyl bromide (bromide)

K,CO3/KHCO3/18-crown-6 (5 pmol/10 pmol/30 pmol) were dissolved in 0.3 mL of
dimethylacetamide (DMA) in a U-shape reaction vessel with a stirring bar. After trapping the
anhydrous [''CJHCN directly into the reaction vessel for 3 min at r.t, 2-nitrobenzyl bromide (0.2
mg, 0.926 pmol) dissolved in 0.2 mL of DMA was added then the cyanation reaction was
performed at 40 °C for 35 second. To the crude reaction mixture, aqueous formic acid solution
(0.1% v/v, 1 mL) was added for quenching the reaction. The resulting mixture was diluted with
9 mL of 0.1% of aqueous formic acid solution (0.1% v/v, 9 mL) and loaded to a C18 plus
SepPak cartridge. The cartridge holding C-11 labeled organic compounds such as [''C]nitrile
and [''C]2,3-bis-(2-nitrophenyl)propanenitrile ([''C]dimer) was rinsed with 5 mL of deionized
water and dried with air to minimize dead volume of residual water. The [''C]nitrile and
["'C]dimer are eluted with EtOH (1.5 mL) into the second reaction vessel for analysis of the

[ 1C]cyanation products and for the reductive cyclization to [''CJindole.
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3.4. Reductive cyclization of [HC]nitrile to [2-11C]indole

The mixture of [''C]nitrile and [''C]dimer from [“C]Cyanation dissolved in EtOH (1.3 mL
in presence of dead volume of water in 0.2 mL) from the sep Pak separation described above was
eluted into a U-shape reaction vessel with a stir bar. To the mixture, Raney-nickel (0.16 mg, 60
% slurry in water) and hydrazinium monoformate (0.05 mmol, N,H4/HCO;H = 1:1 mol ratio)
was added and the reaction vessel was capped. Hydrogenation was performed for 10 min at 40
°C. The resulting mixture was diluted with water (1 mL) and Raney-nickel was filtered out and
then the resulting crude containing [2-''Clindole was injected into semi-preparative HPLC for
purification.

The reaction mixture was purified with semi-preparative HPLC using aqueous formic acid
solution (0.1%)/methanol = 45/55 at flow rate of 5 mL/min on a Luna CI18 column
(Phenomenex, 10 x 250 mm, 5 pm). [2-"'Clindole eluted at 12 — 13 min. The fraction
containing [2-""Clindole was collected. The overall radiochemical yield of [2-''C]indole based
on total [''C]cyanide trapped was 21 + 2.2% (n = 5, ranging from 18 — 24%). Radiochemical
purity as determined by analytical HPLC was > 97%. Total synthesis time was 40 — 45 min,

while specific activity at EOB was 129.5 + 48 GBg/umol (n = 8, decay-corrected).

3.5. Formulation of [2-“C]indole for plant studies

The pure [2-''Clindole, from the semi-preparative HPLC was diluted with aqueous formic
acid solution (0.1% v/v, 40 mL) then passed through a C18 plus SepPak® cartridge. The
cartridge retaining the [2-''Clindole was rinsed with 5 mL of deionized water and then dried
with air to minimize dead volume of water. The [2-"'Clindole was eluted with diethyl ether

(1.5 mL) into the final product vial containing 0.1 mL of water. The product was concentrated
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by drying diethyl ether with a stream of Ar at 50 °C for 10 min. One production cycle from EOB

to the formulation procedure required 40 — 45 min.
3.6. Quality control and specific activity determination

Briefly the radiochemical purity and specific activity of [2-'"CJindole was determined by an
analytical HPLC system with a Eclipse XDB-C8 analytical HPLC column (Agilent, 4.6 x 150
mm, 5 um) using aqueous formic acid solution (0.1%)/methanol = 50/50 at a flow rate of 1
mL/min. The [2-''CJindole eluted at 6 min. A UV standard calibration curve was measured
using an authentic sample of indole for the mass determination (Supplementary data). The
injected radioactivity was measured in the range of MBq using a low dose Capintec radioisotope
dose calibrator. The specific activity was determined as the ratio of the injected radioactivity
(GBgq, decay-corrected to EOB) and mass (umol). The radiochemical purity (%) was determined
by integrating radio peaks on the analytical HPLC profile (Supplementary data). The chemical

identity of the product was determined by co-injection with a standard indole sample.
3.7. Cold chemistry

3.7.1. Preparation of 2,3-bis(2-nitrophenyl)propanenitrile (dimer)
2,3-bis(2-nitrophenyl)propanenitrile was synthesized according to a literature method'?. 2-
nitrobenzyl bromide (0.1 g, 0.46 mmol) was added to a stirred suspension of sodium cyanide (30
mg, 0.46 mmol) in DMSO (2 mL). The mixture was stirred for 1 hr at r.t and 1 hr at 45 °C and
poured into water (10 mL). Organic crude mixture was extracted with AcOEt by separation and
purified by isolera with gradient system. The desire product, dimer, in white powder was given

in 78 % yield. 'H NMR (400 MHz, CDCls): § 8.05 (dt, J=8, 1.2 HZ, 2H), 7.76 — 7.70 (m, 2H),
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7.65-7.44 (m, 4H), 5.19 (dd, 8.8, 6 Hz, 1H), 3.84 (dd, 13.6, 8.8 Hz, 1H), 3.51 (dd, 13.6, 6 Hz,
1H). °C NMR (100 MHZ, CDCl3): § 134.53, 133.92, 133.14, 130.93, 130.87, 130.15, 129.95,
129.40, 125.97, 125.76, 119.01. MS (ESI): m/z [M+H+] caled for C;sH N304 297.07 found
315.0 (+H,0).
3.7.2. Preparation of indole from the nitrile without C-11

The experimental procedure for hydrogenation of nitrile to indole was modified and
optimized based on previously published method”. Hydrazinium monoformate was prepared
by neutralizing equal moles of hydrazine monohydrate and 98% formic acid in an ice water bath.
The hydrazinium monoformate thus prepared was used directly for hydrogenation. A suspension
of commercially available 2-nitrophenylacetonitrile (2 mg, 12.3 pmol) and Raney-nickel (0.4
mg) in EtOH/H,0 (1.5 mL, v/v = 4/1) was stirred with hydrazinium monoformate (0.5 pmol, 41
pL), for 15 min at r.t. The reaction mixture was filtered through celite and injected to analytical
HPLC to be monitored and analyzed by using isocratic system with aqueous formic acid solution
(0.1%)/methanol=50/50 at a flow rate of 1 mL/min on a XSelect HSS PEP column (Waters, 4.6
% 30 mm, 5 um). An unidentified byproduct eluted at 1 min. Unreacted nitrile eluted at 1.2 min
and indole eluted at 1.7 min. The yield of indole (60 %) was determined by integrating peaks on
the analytical UV-UHPLC profile (Supplementary data Part 2).
3.7.3. Reductive cyclization of the nitrile in presence of the bromide

Hydrazinium monoformate was prepared by the same procedure described above. A
suspension of commercially available 2-nitrophenylacetonitrile (2 mg, 12.3 pmol), 2-nitrobenzyl
bromide (2 mg, 9.26 pmol) and Raney-nickel (0.4 mg) in EtOH/H,O (1.5 mL, v/v = 4/1) was
stirred with hydrazine monoformate (0.5 pmol, 41 pL), for 15 min at r.t. The reaction mixture

was filtered through celite and injected to analytical UHPLC to be monitored and analyzed by
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using isocratic system with aqueous formic acid solution (0.1%)/methanol=50/50 at a flow rate
of 1 mL/min on a XSelect HSS PEP column (Waters, 4.6 x 30 mm, 5 pm). Nitrile eluted at 1.2

min but no indole was formed.

4. Results and discussion

We started by testing the feasibility of synthesizing the intermediate 2-(2-
nitrophenyl)acetonitrile (nitrile). One report by Kalir and Mualem in 1987'* disclosed a reliable
method using NaCN plus HCN (for pH adjustment) using bromide as starting material, which
provided nitrile with yields up to 90%. A later report showed that this compound was also
synthesized in 52% yield in aqueous DMSO at near neutral conditions for 1 h at 0 — 5 °C
(Scheme 5)°. Following these reports, we initiated the “cold” test for synthesis of nitrile
intermediate and we found, with slightly modified conditions (Scheme 6), that 10 — 60% nitrile
could be synthesized by reacting bromide with KCN or KCN/HCN combined conditions.

Next, we added radioactive [''CJHCN into the reaction system and tested carrier added (CA)
[''C]cyanation reaction (Scheme 6). The radio-HPLC analysis was very encouraging, it showed
that 55% of radioactivity converted to desired [''C]nitrile in the presence of KCN in EtOH for
10 min at 100 °C. We then removed the carrier KCN from the reaction to develop the conditions
for the synthesis of the no-carrier-added (NCA) [''C]nitrile (Scheme 7). Under slightly acidic
conditions, no ["'C]nitrile was detected. Increasing the reaction temperature (from 50 °C to 150
°C) gave only 2,3-bis(2-nitrophenyl)-[1-''C]propanenitrile (%/*' C/dimer”), which was formed by
the further alkylation (here called “dimerization”) of [''C|nitrile with the starting material

bromide. When KHCO; was used to trap radioactivity [''CJHCN and the reaction mixture was
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maintained at slight basic, radio-HPLC analysis showed that the NCA ["'C]nitrile was formed in
yields up to 46% yield but attempts to repeat the experiments always gave disappointing results.
In most cases, only small amount of ["'C]nitrile could be detected and the majority of
radioactivity in the reaction mixture was [''C]CN ", [''C]dimer and an unidentified low polarity
labeled compound (Scheme 7).

Scheme 5. Reference reports for the synthesis nitrile > '
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Scheme 6. Results for the synthesis of nitrile and carrier added ["'C]nitrile
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Scheme 7. Preliminary results for the radiosynthesis of [ C]nitrile
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These initial results were not surprising nor were they unprecedented. Kalir and Mualem
also observed the formation of 2,3-bis-(2-nitrophenyl)propanenitrile (dimer) and minimized it by
carefully controlling the reaction stoichiometry with excess NaCN to obtain a ratio of 3:1 (NaCN
: bromide) and conducting the reaction under acidic conditions'?. Czeskis reduced dimer
formation by using aqueous DMSO and quenching the reaction after 1 h reaction at 0 — 5 °C
(Scheme 5)’. Adapting these conditions to [''CJcyanation with no-carrier-added [''C]cyanide
was challenging because the chemical quantity of cyclotron-produced [''C]cyanide is fixed and
very small (0.03 pmol- 0.06 pmol) whereas milligram quantities (10 mg, 46.3 pumol, of the
bromide is typically used to drive the nucleophilic substitution reaction). This results in a ratio
of bromide to [''C]cyanide of 1550:1 in a typical radiosynthesis. Though this high ratio of
substrate to radioprecursor greatly favors the nucleophilic cyanation reaction, it also favors dimer
formation from further alkylation once a certain amount of [''C]nitrile has accumulated in the

reaction mixture (Scheme 7). At this stage, we speculated that it was necessary to carefully

examine the NCA [''C]cyanation conditions. Only well-refined reaction conditions could,
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potentially, provide enough desired ['C]nitrile intermediate for the next reductive cyclization
reaction.

Because we anticipated that careful pH adjustment would be necessary to avoid further
alkylation of the [''C]nitrile, we envisioned that it was necessary to remove trace amounts of
ammonia and water which were formed during the gas phase production of our radioprecursor
['"CJHCN". For this purpose, a [''CJHCN purification method which was first introduced by
Langstrom'® was adapted in our [''CJHCN delivery system: the helium flow containing
radioactivity was first purged through 50% H,SO, acid bath heated at 65 °C to remove NH3, and
then was passed through a newly packed P,Os drying tube for further removal of the trace
amount of H,O. With this purified [''CJHCN in hand, we started to screen the nucleophilic
[''C]cyanation conditions for the synthesis of NCA ["'C]nitrile following the [''C]cyanation
conditions of our recent report of optimized synthesis of carbon-11 labeled L-glutamine (Scheme
8)'°, and, the preliminary exploration results were listed in Table 1.

Scheme 8. Optimized L-[5-''C]-glutamine synthesis method '°

0 o}
(0] CSHCO3/18-C-6 O TFA/H2804 11'(':\/
I i dl 4/1, VIV H, N~ OH
N&OPBU HICN,DMF N C\/\‘)kOt-Bu ( ) H, "
NHBoc 60 - 120 °C, 8 min NHBoc 90 °C, 5 min

L-[5-"'C]-glutamine

We also reduced the amount of bromide substrate from 10 mg to 1 mg for this set of
experiments since the larger amount of bromide would also facilitate further alkylation to form
the dimer. Although directly following the L-[5-''C]-glutamine synthesis method gave a 79%
overall radiochemical yield (ORCY, includes total radioactivity of ["'C]nitrile and ["'C]dimer,
decay corrected) (entry 1), only [''C]dimer was detected from radio-HPLC analysis. Clearly the

milder reaction conditions were needed to avoid the side reaction of [''C]nitrile with excess
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bromide, which formed undesired [''C]dimer. Reducing the reaction temperature from 60 °C to
30 — 35 °C gave similar results (entry 2). The further reduction of the temperature to 18 — 20 °C
not only provided us with 90% ORCY but also 4% of the desired [''C]nitrile (entry 3). One step
further, the reaction mixture was cooled with ice bath and the [''C]cyanation reaction was clearly
slow down. Although the ORCY was only 22% with an 8 min reaction time (entry 4), the results
were quite encouraging since all detected radioactivity was desired [''C]nitrile intermediate. The
extended reaction time (from 8 min to 25 min) provided higher ORCY (58%), but further
alkylation occurred at the expense of [''C|nitrile. Only 9% of the total radioactivity was
["'C]nitrile and the rest was [''C]dimer. Based upon these results (Table 1, entry 1 to 4), it was
clear that bromide is a highly reactive substrate, and the ORCY reached 90% after a 8§ min
reaction time even at room temperature. From this set of experiments it was clear that conditions
which favored a high ratio of nitrile to dimer also dramatically reduced the ORCY and that we
would need to adjust other reaction parameters to facilitate both the nitrile formation and ORCY.
We next set out investigated the effect of basicity on ORCY and radiolabeled product
distribution. The results listed in entries 5 and 6 showed that no [''C]cyanation reaction occurred
when the pH was <8. Neither the direct use of NCA [''CJHCN (pH = 5) nor the addition of near
neutral form salt KBr (pH = 7.7) initiated any [''C]cyanation reaction. With the introduction of
more basic K,COs into the reaction (entry 8 and 7 compared with entry 6), the [''C]cyanation
reaction rate was dramatically improved. Adjusting the pH to 8.4 resulted in a 26% ORCY with
a mixture of [''C]nitrile and [''C]dimer (ratio at 23 : 77) favoring the formation of ["'C]dimer
(entry 7). Increasing the pH to 8.7 increased the ORCY to 60% but only side product
[''C]dimer was formed (entry 8). These initial experiments showed that basic conditions were

required to initiate the [''C]cyanation reaction but also indicated that the formation of
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[''C]dimer was very favorable. Encouraged by the increase in ORCY we further adjusted the
cation source and elevated the pH to 9.6, reduced the temperature to 0 °C and then carefully
monitored the reaction by analytical radio-HPLC (entry 9). The results showed that this reaction
was very fast. The ORCY reached to 73% even after 0.2 min with product distribution favoring
the nitrile (92 : 8). Further extension of the reaction time only changed the product distribution
to favor the dimer. When K,CO; was chosen as cation source and pH was increased to 11.2
(entry 10), the radio-HPLC analysis results of different time point reaction solution samples
showed the similar trend as the results listed in entry 9: the short reaction (0.6 min) provided the
higher ["'C]nitrile yield and the extended reaction time favored further alkylation to form the
[HC]dimer. Finally, the solvent N,N-dimethylacetamide (DMA), a sibling of DMF, was tested
and the results also showed that the ORCY plateaued to 76% even after 0.2 min with a ratio of
["'C]nitrile and [''C]dimer at 78 : 22 (entry 11). It is very interesting to find that the rate of
“dimerization” reaction is relatively slower with DMA as reaction solvent when comparing the
results from entry 11 with the results listed in entry 10.

This series of experiments showed that it was hard to avoid further alkylation of the
["'C]nitrile with the excess bromide to form the ["'C]dimer. However, by carefully control
several reaction parameters, i.e., reaction temperature, basicity as well as reaction time, it is
possible to obtain a good conversion of [''C]cyanide to product [''C]nitrile, while maintains
minimum formation of side product [''C]dimer. Eventually, to approach the better operation
consistency and to reach higher yield of [''C]nitrile, the [''C]cyanation reaction conditions
listed in entry 11 (medium pH 9.6, bromide 1 mg, DMA as solvent, reaction at 0 °C for 0.6 min)
were selected for the synthesis of ["'C]nitrile intermediate. We also switched our attention to

the exploration of reductive cyclization reaction.
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Table 1. Exploratory results of [''C]cyanation based upon recent update of the synthesis of L-[5-

"C]-glutamine '°

H'CN, DMF "CN
(j\/\Br cation source/18-C-6 @f”CN N
NO2  temp, reaction time NO2 O NO,
NO,
Bromide (1 mg) ["'C]Nitrile ["'C]Dimer

Entry Cation Source® pH” Time Temp ORCY® Radioactivity ratio

(min) (°C) (["'C]nitrile : ["'C]dimer?)
1 CsHCO; 85 8 60 79 0:100
2 CsHCO; 85 8 30~35 73 0:100
3 CsHCO; 85 8 18~20 90 4:96
4 CsHCO; 85 8 0 22 100:0
25 58 9:91
5¢ None 5 8 60 0 nd
6 KBr (0.1 M) 7.7 10 18 0 nd
7 K>CO3/KBr 8.4 10 18 26 23:77
(1/98)
8 K>CO3/KBr 8.7 10 18 67 0:100
(5/90)
9 K>COyKHCO; 9.6 0.2 0 73 92:8
(1/4)
0.6 72 71:29
2 76 21:79
5 77 16:84
15 69 7:93
10 K,CO; (0.1 M) 112 0.6 0 68 85:15
2 81 49:51
10 70 28:72
11" K,COyKHCO; 9.6 02 0 76 78:22
(1/4)
0.6 77 78:22
2 77 39:61
5 74 28:72
15 64 22:28
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*All the experiments were performed with 2-nitrobenzyl bromide (I mg, 4.63 umol) with
different cation sources (15 umol) in presence of 18-C-6 (30 umol) dissolved in 0.5 mL of DMF;
if two different cation sources were used, the numbers listed in parenthesis were the mole ratios;
°pH was measured with the cation source dissolved in aqueous solution (give the volume of
water because pH is concentration dependent); “Overall radiochemical yield (%, ORCY, decay-
corrected) of [''Clcyanation was determined by analytical radio-HPLC and included both
["'C]nitrile and ['C]dimer (entry 1 —11); This number is the radioactivity ratio of ["'C]nitrile
: ["'C]dimer (decay-corrected), nd: not detected; °A solution of H''CN in DMF was weakly
acidic without addition of a cation source and 18-C-6; Reaction solvent was changed to N,N-

dimethylacetamide (DMA).

We initially tested several reducing agents for the reductive cyclization of [''Clnitrile to [2-
"Clindole including: Pd-C/H, in ethyl acetate'’ and in alcoholic solvents'®; Pd-C/H; in

ethanol/acetic acid”'*; Pd-C in the presence of in situ H,*’; Raney-nickel or Pd-C in the presence

of NH4COZH/HC02H21; AI-NiCl, - 6H2022; Zn/acetic acid®. Results were generally

disappointing: they either only provided trace amount of desired [2-'"CJindole or none at all
under NCA conditions. Later, a report by Gowda et al using Raney-Nickel based rapid reduction
(both nitro and nitrile groups) caught our attention'>. This method quickly reduced various nitro
or nitrile group containing compounds to the corresponding amines in high yield (70 — 94%)
with hydrazinium monoformate as hydrogen donor and Raney-nickel as catalyst at r.t. in 2 — 6
min. Given the time limitation of the carbon-11 radiochemistry, i.e. “Working Against Time”**,

we felt that above nitro and nitrile moieties reduction method is especially fit for our

radiochemistry research. We confirmed that this method rapidly converted the nitrile to indole
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under “cold” conditions and set out to adapt it to our [2-""Clindole synthesis process (Table 2).
The procedure of entire radiosynthesis of [2-''Clindole is described in Figure 1.

Figure 1. Procedure of total radiosynthesis of [2-''Clindole

Bromide

Residual bromide
+ [11C]nitrile
+ [*'C]dimer

i_ N,H,"HCO,H

RVO1 RVO1 RVO1 RVO02 RVO02
K,CO,/KHCO,/18-C-6 Raney-Ni

[*'C]cyanation SPE purification [ Reductive cyclization ]

Cyclotron m

-

Table 2. Exploration of reductive cyclization method to convert [''C]nitrile to [2-"'C]indole

catalyzed by Raney Ni with hydrazinium monoformate as hydrogen donor

q "CN Raney-Ni/N,H,*HCO,H @1C
7/
NO, temp, reaction time N

["'C]Nitrile FORI0 [2-11C]In:ole
Entry Time N,H,HCO,H* Raney-Ni"  Temp* RCY*
(min) (mmol) (mg) (O (%)

12 5 5 48 r.t 25

13 10 5 48 r.t 26

14 15 5 48 r.t 33

15 5 10 48 r.t 9

16 15 10 48 r.t 19

17 15 2.5 48 r.t 38

18 15 2.5 96 r.t 10

185



19 5 5 48 40 18

20 10 5 48 40 30
21 15 5 48 40 24
22 10 0.5 48 40 35
23 10 0.5 38 40 41
24° 10 0.5 48 40 n/a

“The mole ratio of hydrazine monohydrate and formic acid was 1/1; "Raney-nickel slurry in
water (50%) was used for reactions; “‘Room temperature indicates 18 ~ 20 °C; RCY (decay-
corrected) (%) was determined by radio-HPLC analysis of filtered crude mixture; 2 mg of
bromide was used for synthesis of [''C]nitrile; After the Sep-Pak purification, the ORCY was

51% and 42% of radioactivity was ["'C]nitrile; n/a: no [2-"'C]indole was detected.

The initial test result was quite promising (Table 2, entry 12). We obtained 25% of desired
[2-''Clindole by using 5 mmol N,H;+HCO,H and 48 mg Raney Ni at r.t. for 5 min. The results
from next two experiments (entries 13 & 14) showed that the longer reaction times of 15 min
resulted in a moderate increase in yield to 33%. When the amount of N,H4*HCO,H, was
increased to 10 mmol, the yield was surprisingly decreased (entries 15 and 16) and only afforded
less than 20% of [2-11C]indole even after 15 min. In contrast, reducing the NoH4sHCO,H from 5
mmol to 2.5 mmol increased the reaction yield to 38% (entry 17). A two-fold increase in the
Raney-Ni catalyst negatively affected the yield (entry 18). Moreover, a large amount of
radioactivity remained in the filtration solid cake after the filtering off the catalyst from reaction
mixture and only 10% of [2-""Clindole was detected in the filtrate. When the reaction
temperature was raised to 40 °C, we found that the reaction yield was reached to peak at 10 min
(30%) and further extension of reaction time decreased the reaction yield to 24% (entries 19 —

21). Next, a sharp reduction of NoH4*HCOH from 5 mmol to 0.5 mmol clearly helped to
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improve the reaction and gave a 35% yield (entry 22). A 20% cut of Raney-Ni catalyst also
showed positive impact and increased reaction yield to 41% (entry 23) which was the highest
reductive cyclization yield so far we had reached after this series of experiments.

At this time, we were wondering if we could further improve the [''C]cyanation yield by
simply increasing the amount of starting material bromide and so to help to increase the two
steps overall yields. We doubled the amount of bromide for the [''C]cyanation and 42% of
[''Clnitrile was obtained after the Sep-Pak purification. However, when this solution was
submitted to reductive cyclization, we were disappointed to find that no [2-''Clindole was
detected (entry 24). It looks like that the increase of bromide for the [''C]cyanation totally
inhibited the following reductive cyclization reaction. This phenomenon led us to speculate that
the presence of bromide in the reaction mixture may be responsible for the yield ceiling on the
reductive cyclization.

For all of our reactions, we incorporated a Sep-Pak solid phase extraction (SPE) method to
quickly remove the reaction solvent DMF, unreacted [''C]cyanide ion, inorganic salt, phase
transfer catalyst (PTC) 18-crown-6 as well as H,O after the [''C]cyanation step. After that, the
ethanol flush process not only eluted radioactive ["'C]nitrile and ["'C]dimer but also a large
amount of the unreacted bromide into the reduction vessel from this Sep-Pak cartridge. To test
our hypothesis that the residual bromide would interfere or even totally inhibit the reductive
cyclization, a “cold” test for reductive cyclization step was tested again with the addition of extra
bromide (2 mg) and the results proved that the formation of indole from nitrile intermediate was

totally inhibited (Scheme 9).
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Scheme 9. Reductive cyclization inhibition test

(;(\CN Raney-Ni/N,H#HCO,H @
NO, EtOH/H0 N

r.t., 15 min; 60%

N Br
P Residual Nitrile
NO, no Indole

Bromide (2 mg)

Nitrile (2 mg)

To determine how much bromide starting material could be introduced into the reductive
cyclization reaction, we next carried out a series of “cold” cyanation reactions with different
starting amount of bromide and following Sep-Pak SPE purification process and then analyzed
the ethanol elute samples (Figure 2). Analytical results showed that there was 55 — 78% portion
of starting material bromide was eluted into the second reaction vessel after the Sep-Pak SPE
purification. When 0.1 mg of bromide was used for cyanation reaction, there was only 0.06 mg

bromide residue being introduced the next reaction vessel with the elution of EtOH.

4
Crude mixture 3.80
e
— 35 from [**C]cyanation
o1}
€ 3 rap organic molecule
Q
2 25
£ = Eluted *CN-, salts
e 2
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Figure 2. The amount of residual bromide after purification of “cold” cyanation reaction

mixture by SPE method
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Based upon the high reactivity of the bromide to Sx2 [''C]cyanation (Table 1), we predicted
that it would be possible to get comparable RCY of [''C]nitrile using less bromide by simply
modifying the [''C]cyanation reaction conditions. We next designed a series of experiments to
measure RCY and product distribution using less amount of bromide (Table 3). With the
decrease of bromide from 1 mg to 0.1 mg, the reaction rate was clearly decreased (Entry 25). At
0.6 min time interval, only 25% radioactivity converted to desired [''C]nitrile. Longer times
only decreased the amount of [''C]nitrile. Increasing the reaction temperature clearly improved
the RCY (entry 26 — 28). The best conditions were found at 40 °C with 0.6 min reaction time
(Figure 3). Further increase reaction temperature to 60 °C did not improve the reaction. One
important finding was only negligible amount of [''C]dimer was found in all experiments which
was consistent with the role of the bromide in consuming ["'C]nitrile once it accumulated.
Reducing the amount of bromide effectively increases the ratio of cyanide to bromide which is
similar to the strategy that Kalir and Mualem used to improve the yield of nitrile'®. To see if the
yield of [''C]nitrile could be further improved. The [''C]cyanation reaction was next tested at 40
°C with the amount of bromide increasing from 0.1 mg to 0.2 mg. The results were delightful:
the ORCY reached 78% with ratio of [''C]nitrile and ["'C]dimer at 77/23 (entry 29, Figure 3).
Further extension of reaction time only decreased the amount of ['"'C]nitrile and increased the

undesired [''C]dimer.
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Table 3. Further exploration of the [''C]cyanation reaction with reduced amount of bromide

Entry  Bromide® Temp Ratio of [llC]nitrile / [HC]dimer (ORCY)b

(mg) 9] 0.6 min 2 min 5 min 15 min
25 0.1 0 100/0 (25) 100/0 (12)  100/0 (6) 100/0 (3)
26 0.1 20 97/3 (37) 96/4 (26) 93/7 (15) 83/7 (6)
27 0.1 40 96/4 (48) 91/9 (43) 95/5 (19) 91/9 (11)
28° 0.1 60 96/4 (47) 98/2 (41) 97/3 (33) 94/6 (16)
29 0.2 40 77/23 (78)  72/28 (78)  42/58 (71)  27/73 (62)

“All the experiments were performed with 2-nitrobenzyl bromide (bromide); "The ratio of
["'C]nitrile / [""C]dimer was calculated based upon radio-HPLC analysis of reaction solution
samples at different time point (decay-corrected); ORCY (%, overall radiochemical yield, decay-
corrected) included radioactive peaks of both ["'C]nitrile and ["'C]dimer; C[”C]cyana‘[ion for

0.3 min was also monitored and gave the ratio of [''C]CN™ / ["'C]nitrile / ["'C]dimer (ORCY)

as 98/2 (41).
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Figure 3. Analytical radio-HPLC profiles of two reaction samples from the reaction of 0.1 mg

[Radio-HPLC analysis: 0.1 mg vs. 0.2 mg of bromide]

— 40 °C, 35 sec (0.1 mg of bromide)
H - 40 °C, 35 sec (0.2 mg of bromide)

["'C]CN-
o
NO, eN O
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and 0.2 mg of bromide with [''C]cyanide in DMA solution for 0.6 min at 40 °C
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With above [''C]cyanation reaction investigation results in hand, We restarted the synthesis
of [2-"'Clindole with decreased amount of bromide as starting material. Once a superfast (0.6
min) [''C]cyanation was performed, the reaction mixture was quickly purified with a SPE Sep-
Pak. Following elution with EtOH, the obtained radioactive intermediate was submitted to
reductive cyclization reaction using optimized reaction conditions (Table 2, entry 23). When 0.1
mg of bromide was used for [''C]cyanation reaction, only 21% of desired ["'C]nitrile was
obtained (Table 4, entry 30). The subsequent reductive cyclization as well as semi-prep HPLC
purification process yielded 57% of [2-''Clindole and the two steps entire preparative RCY for
this synthesis was 12% (entry 30). When the 0.2 mg of bromide was used, 48% of desired
["'C]nitrile was obtained after the SPE purification. The second reaction gave 54% of [2-
"'Clindole and the two steps entire preparative RCY reached 26% (Table 4, entry 31). These
two experiments showed that the reductive cyclization reaction was clearly benefited from
decreasing the amount of bromide and the preparative (isolated) yield of the reductive
cyclization step was over 50%. In addition, the [''C]cyanation reaction with 0.2 mg of bromide
was better than just 0.1 mg since it yielded over doubled amount of [''C]nitrile intermediate and

also a significantly higher entire RCY (26% vs. 12%) of [2-''C]indole (Table 4, entry 31).
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Table 4. Further exploration of hydrogenation with reduced starting amount of bromide*

H''CN

©\/\Br K,CO4/KHCO3/18-C-6 q ticn  Raney-NiN;HgsHCOoH ©\Aﬁ1c
> ’
. 4 [o] 1 H
Bromide 40°C, 0.6 min ["'C]Nitrile 0°C, 10 min [2-"'Clindole
1st Step: [''C]cyanation 2nd Step: reductive cyclization

Entry Bromide (mg) 1% step RCY (%) 2"step RCY (%) Entire RCY (%)
30 0.1 21 57 12
31 0.2 48 54 26

*Both 1 step and 2" step RCYs were preparative results (purified by SPE and semi-prep HPLC

method, respectively).

With the combination of reduced amount of starting material bromide (0.2 mg), strictly
controlled and also superfast reaction time (0.6 min), mild temperature (40 °C) as well as polar
aprotic solvent DMA, the [''C]cyanation reaction provided us nearly 50% yield of ["'C]nitrile
intermediate.  Next, the reductive cyclization of [""C]nitrile intermediate with selected
conditions (0.5 mmol N,H4-HCO,H, 38 mg Raney-Ni in EtOH/H,O solution at 40 °C for 10 min)
presented over 50% of [2-"Clindole. Over 25% of [2-"'Clindole (calculated from starting
[''CJHCN, decay-corrected) was synthesized in 54 min (counted from the time of end-of-
bombardment to the end of semi-prep HPLC purification of [2-""C]indole).

To further confirm the robustness of this newly developed synthetic method, we repeated the
synthesis of [2-"'CJindole five times under above described optimized reaction conditions. The
results show the high reliability of this synthetic process (Scheme 10). With a six-min cyclotron
beam time, which generates ~ 24.4 GBq (660 mCi) of [''C]CO,, 0.17-0.40 GBq (4.7 — 10.9 mCi)
of [2-"'C]indole product was obtained at the end of synthesis (EOS). The entire yield (RCY) for

both steps was 21 + 2.2% (calculated from [''CJHCN radioactivity collected in first reaction
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vessel) and was 8.2 + 2.0% (calculated from [''C]CO, radioactivity generated from a six-min
cyclotron beam). The radiochemical purity of final product was > 98% and the specific activity
of final product was 176 + 24.8 GBg/umol. The complete processing time, calculated from EOB
to the EOS, ranged from 50 to 55 min.

Scheme 10. Optimized reaction parameters for synthesis of [2-''Clindole

H'ICN
©f\8r K5,CO3/KHCO5/18-C-6  Purification (j\/ﬂCN Raney-Ni/N,H,;HCO,H  Purification ©?1
> > - > c
. Semi-Prep 4
DMA, 40 °C, 0.6 min SPE Z~NO EtOH/H,0 N
NO. 2 40°c,10min  HPLC H
Bromide ["'C]Nitrile [2-"'Clindole
1st Step - [''C]cyanation: 2nd Step - reductive cyclization:
RCY: 41.7 £ 4.5% (n = 5, ranging from 37 - 48 %) RCY: 51 £ 8.6% ( n = 5, ranging from 40 - 64 %)
Entire RCY: 21 * 2.2%; range from 18 ~ 24% Radiochemical purity > 98%
(n = 5, calculated from H''CN activity) Specific activity: 176 * 24.8 GBg/umol
Or RCY:8.2 * 2.0%; range from 5.3 ~ 10.4% (n=5, range from 141 ~ 204 GBq/umol)

(n = 5, calculated from CO, activity) Total production time: 50 ~ 55 min

5. Conclusion

In summary, we successfully developed a practical and efficient method for synthesis of a
biologically interesting PET tracer [2-''Clindole with high specific activity. The overall process
illustrates the challenges in developing the conditions for controlling a superfast [''C]cyanation
reaction that lead to a highly reactive intermediate, 2-(2-nitrophenyl)-[1-''CJacetonitrile. More
specifically, under NCA conditions, the amount of ['"">CJHCN is very low (0.03 — 0.06 pmol)
and fixed biasing the stoichiometry in favor of other reactants. In this case the amount of 2-nitro
benzylbromide used in the formation of the intermediate ["'C]nitrile both further consumed the
desired [''Clnitrile by further alkylation reaction with it and also poisoned the next reductive
cyclization step. However, a systematic investigation and optimization of each step resulted in a
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robust, rapid and reproducible method for the radiosynthesis of [2-''Clindole. In addition, the
conditions that we describe here could be adapted to commercially available radiosynthesizer for
full-scale automation. Furthermore, it is reasonable to postulate that this [''C]cyanation and
reductive cyclization combined method could be quickly adapted to synthesize carbon-11 labeled
indole derivatives with functional groups attached at phenyl ring of indole. Currently, we are
working on plant and bacteria imaging study using [2-'"CJindole tracer and these results will be

reported separately.
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Part 1. HPLC: analytical HPLC & semi-preparative HPLC

1.1. ["'C]cyanation analysis
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1.2. Semi-preparative HPLC for [''C] indole purification
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1.3. Product [2-""CJindole quality analysis
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1.4. Cold reductive cyclization without 2-nitrobenzyl bromide

Data File C:\CHEM3Z\1\DATA\SJLEE\IND_COLD RUN TEST 2014-06-16 138-52-14\0514140000001.D
Sample Name: 10min
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Part 2. 'H/"*C NMR spectroscopy and Mass spectrometry (ESI)

2.1. "H NMR of 2,3-bis(2-nitrophenyl)propanenitrile (dimer)

2.2. C NMR of 2,3-bis(2-nitrophenyl)propanenitrile (dimer)

2.3. LR-MS (ESI) of 2,3-bis(2-nitrophenyl)propanenitrile (dimer)
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Print of window 80: MS Spectrum
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CHAPTER 5.

Stereoselective Radiosynthesis of L-[4-''C]-Asparagine from Cyclic

Sulfamidate Precursor

1. Abstract

There is evidence that asparagine, similar to glutamine, plays an important role as a nitrogen
source in plants. Our objective was to develop a stereospecific synthesis of ''C-labeled L-
asparagine, using a five-membered ring sulfamidate precursor and nucleophilic ring-opening
with H''CN. For that, efficient preparation of the cyclic sulfamidate and model reaction without
radioisotope (cold chemistry) has been developed.

Preparation of (S)-di-tert-butyl 1,2,3-oxathiazolidine-3,4-dicarboxylate 2,2-dioxide (4)
derived from commercially available Boc-O-benzyl-L-serine was accomplished in four steps: 1)
tert-butyloxycarbonyl (Boc) protecting group synthesis; 2) cleavage of benzyl ether; 3)
nucleophilic substitution with thionyl chloride to the activated f-position of L-serine; 4) further
oxidation of sulfamidite to sulfamidate. @Model reaction in cold chemistry to prepare
radiosynthesis of L-[4-''C] asparagine was performed via ring-opening nucleophilic cyanation
followed by hydrolysis.

Anhydrous [''CJHCN passed through a 50% H,SO, followed by a P,Os trap was collected in
a reaction vessel containing base/18-Crown-6/DMF solution. Following the addition of
sulfamidate in DMF, the reaction mixture was heated and then purified by solid phase extraction

(SPE). The azeotropically dried [''C]nitrile intermediate was then hydrolyzed via selective
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deprotection with H,SO, and TFA. L-[4-''C]-asparagine was purified using Agl1-A8 resin and
enantiomeric purity was determined by chiral radio-HPLC analysis of [''Claspartic acid, the
hydrolyzed product of L- [4-''C]-asparagine.

The overall yield of the cyclic sulfamidate (4) was 32 %. The radiochemical yield of
[''Clnitrile intermediate was 60 — 68 % (decay corrected, based on [''CJHCN radioactivity). The
overall radiochemical yield was 45 — 52 %, the radiochemical purity was > 96 % and the L/D
ratio > 40/1 with a synthesis time of 50 min. The specific activity of desire product was 5.5 —
11.1 GBg/umol at the end of bombardment.

Using a newly designed five-membered ring sulfamidate precursor, we have successfully
synthesized L-[4-''C]-asparagine through ring-opening nucleophilic [''C]cyanation and selective
acidic hydrolysis and deprotection reactions. Further biological studies via PET imaging are in

progress.

2. Introduction

Amino acids are essential small organic molecules used in the synthesis of proteins and other
biologically active compounds such as neurotransmitters and hormones that are present across
the animals and plants as well'. Due to the biological significance of many amino acids and their
derivatives, the development of new methodology for the synthesis of labeled amino acids
continues to attract the attention of many synthetic organic chemists

Positron emission tomography (PET) is a powerful technique for the in vivo study of

biochemical processes and has become a valuable tool for both basic biomedical research and
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diagnostic imaging. This technique relies on the synthesis of tracer molecules, which are
biologically important and labeling with short-lived positron emitting nuclides' *.

a-Amino acids labeled with short-lived positron emitters carbon-11 (t;» = 20 min) and
fluorine-18 (t;» = 110 min) are of particularly interested and extensively used for the
visualization of tumors’, measurements of protein synthesis rates’ and amino acid
decarboxylation rates’ in humans using PET. Therefore, because of immense importance of
amino acids in living systems as well as continuous development of positron imaging techniques
such as small animal PET® and beta microprobes’, the application of ''C-labled amino acids as
the research tools has been developed in conjunction with PET for measurement of in vivo
processes and expanded to other areas of life science.

This trend requires widely applicable, simple, inexpensive, robust and reliable synthetic
methods to produce natural and non-natural amino acids labeled with short half-lived
radioisotopes for nuclear medicine studies. During the last three decades many synthetic
schemes for different amino acids labeled with C-11 have been developed and evaluated as
potential PET imaging agents™.

For instance, the use of ''C-labelled methionine for the detection and delineation of
malignant brain tumors has increased markedly over the last few years®. Other ''C-labelled
amino acids such as [''C]DOPA’, [''C]tyrosine'® and [''C]5-hydroxytryptophan'' have been
utilized in PET oncology studies in recent years. However, some of them either required harsh
reaction conditions such as high pressure and high temperature in corrosive environments'? or
relatively complicated multistep syntheses with water-sensitive reagents involved'’.

More recently, a preliminary investigation of the uptake of ''C-labelled glutamate, glutamine

and aspartate in tumor cell aggregates and in vivo in both rats and humans has been reported'®.
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Of these three amino acids, ''C-aspartate appeared most promising, with a high uptake in
neuroblastoma aggregates combined with relatively low organ uptake'”.

There is a meaningful study for the synthesis of [4-''C]D,L-asparagine via the ring opening
of aziridine-2-carboxylic acid with [''CJcyanide to form pB-[''C]cyanoalanine which is
hydrolyzed to [4-''C]D,L-asparagine which can be resolved by chiral HPLC to produce [4-
"C]L-asparagine'. Although this nucleophilic ring opening of aziridine-2-carboxylate esters
provided a useful route to amino acids, setereoselectivity was not considered in this approach.

Another synthesis suggested a more straightforward route to these important amino acids
labeled with C-11 via [''C]cyanation with protected chiral precursor'®. Similarly our group
recently reported efficient radiosynthesis of C-11 glutamine'’ via nucleophilic [''C]cyanation
followed by [''C]nitrile hydrolysis and deprotection with strong acid to improve radiochemical
yield and reproducibility. These previous studies inspired us to consider nucleophilic
[''C]cyanation reactions using tracer levels of [''C]cyanide-labeling precursor, especially when
the radiosynthesis required the use of acid- or base- or moisture sensitive substrates. This careful
consideration with respect to non-carrier added [''C]cyanation also encouraged us forward to
develop a stereoselective synthesis of L-[4-''Clasparagine, which has not been accomplished, via
tracer level Sn2 [''C]cyanation reaction.

For our new, efficient stereoselective route for the synthesis of L-[4-''CJasparagine, five-
membered ring sulfamidate was considered as a precursor for [''Clcyanation. A cyclic
sulfamidate derived from serine might simultaneously activate the f-position to nucleophilic
attack and partially protect the amino group, and thus provide a useful ‘f-alanyl cation’ synthon
for the synthesis of @-amino acids'®. Based on this hypothesis, constraining the leaving group in

a five-membered ring would reduce the rate of elimination due to poor overlap between the
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developing enolate and the leaving oxygen atom'’. Accordingly, nucleophilic [''C]cyanation
would be more favorable than elimination which would result in epimerization.

Herein we describe newly designed synthesis for five-membered ring sulfamidate precursor.
We have confirmed stereoselective strategy to obtain L-asparagine via cyanation followed by
hydrolysis in a preliminary reaction without radioactivity. Based on the strategy tested without
radioactivity, we also successfully synthesize L-[4-''C]-asparagine through ring-opening
nucleophilic [''C]cyanation and selective acidic hydrolysis and deprotection reactions. Further

biological studies via PET imaging are in progress.

3. Experimental details

3.1. General

All commercial chemical reagents, substrates and solvents for synthesis and analysis were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) with a minimum of ACS
reagent grade and used without further purification. Solid phase extraction (SPE) cartridges
(SepPak® C18 plus) manufactured by Waters (Waters® Association, MA, USA) were used.
The reaction was carried out in a 10 cc microwave reaction vial sealed by a cap and septum to
withstand high pressure (Biotage® INC., VA, USA). Thus, semi-reflux reaction system was
maintained with a variety of alcoholic solvent/water solvents for hydrolysis and water was
condensed on the cap.

Chemical reactions performed without radioisotope labeling were characterized by ultra-high
performance liquid chromatography (UHPLC) using an Agilent model 1200 system (Agilent

Technologies Inc., Santa Clara, CA). For the radiochemistry, high and low levels of
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radioactivity were measured using a Capintec CRC-712MV and a Capintec CRC-ultra
radioisotope dose calibrator (Capintec Inc. NJ, USA) respectively. Semi-preparative high
performance liquid chromatography (HPLC) was performed using a Knauer HPLC system
equipped with a model K-1001 pump, a model 87 variable wavelength monitor, a Nal detector
and a SRI peak simple integration system. Analytical HPLC was performed using a Knauer
model K-1001 pump, a Knauer model K2501 UV detector (254nm), a Geiger Muller ionization
detector and a SRI Peak simple integration System. Radiochemical yields (decay-corrected back
to end of cyclotron bombardment (EOB)) were obtained based on the total radioactivity trapped
in the reaction vessel at the start of the reaction. Specific activities, decay corrected back to EOB
and recorded in mCi/nmol, were determined from the C-11 activity in the product peak in the
HPLC and the mass of compound. Total synthesis times were calculated from EOB to the end of

radiotracer formulation.

3.2. Cold chemistry

Overall scheme for synthesis for five-membered ring sulfamidate precursor is shown on Figure
1. We also have confirmed stereoselective strategy to obtain L-asparagine via cyanation
followed by hydrolysis in the model reaction without radioactivity (Figure 2).

Figure 1, Preparation of sulfamidate precursor for the synthesis of asparagin

0 1) t-BTCA, BF3.Et,0 0 SoCL. P o
DCM/Cyclohexane 2, Py O/\‘)LOt—Bu
BnO OH HO OH \S‘N
NHBoc 2) 45 psi H,, Pd/C NHBoc ACN, -40 °C to r.t. o’ ‘Boc

T-BTCA: NH

tert-Butyl 2,2,2- P o NalOy, RuCls- Et;0

i imi Clsc” S0~ °
trichloroacetimidate 3 (?/\I\AI)LOt_BU ACN, 0°Ctor.t.
=S—N,
o W Boc
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Figure 2. Cold reaction for asparagine via nucleophilic cyanation of sulfamidate followed by

acidic hydrolysis
0 0
1) KCN, DMF, rt, 4 hr TFA/DCM HAN
o} Ot-Bu N OtBu — > 2 OH
0+S—NBoc ) 1M ag. KH,PO, HN . rt, overnight O NH,
o Boc

3.2.1. Synthesis of sulfamidate
L-N-[(1,1-dimethylethoxy)carbonyl[-O-(phenylmethyl)-, 1,1-dimethylethyl ester (1)

0]

Esno/\‘)L Ot-Bu

HN.BOC

Commercially  available N-(fert-Butoxycarbonyl)-O-benzyl-L-serine  (Boc-O-benzyl-L-
serine) (1.475 g, 5 mmol, 1 equiv) was dissolved in dichloromethane (20 mL) in a 100 mL flask.
To the 100 mL reaction flask, tert-Butyl 2,2,2-trichloroacetimidate (TBTA) (2.185 g, 10 mmol, 2
equiv) dissolved in cyclohexane (10 mL) was transferred then BF;.Et,O (0.071 g, 0.5 mmol, 0.1
equiv) was used as a catalyst. The reaction was performed at r.t for 1 h until no starting material
was left. NaHCOs (1.68 g, 20 mmol, 4 equiv) was added to the reaction mixture and stir for 5
min at the same temperature. The reaction crude was filtered through a plug of celite under
suction and concentrated by rotary evaporator under vacuum. The crude product was purified by
flash chromatography (silica gel, 300 g), eluting with 15 % ethyl acetate in hexane. Fractions
containing the desire product 1 were identified by TLC (Si0O,, 20/80 EtOAc/hexane, Ry = 0.6).
The Boc protected 1 was obtained as a white powder (1.7 g, 97 %). 'H NMR (400 Hz, CDCls):
6 7.26 —7.27 (m, 5H), 5.38 (d, J = 8.4 Hz, 1H), 4.53 (dd, J = 34, 12.4 Hz, 2H), 4.32 (d, ] =2 Hz,

1H), 3.86 (dd, J = 9.2, 6 Hz, 1H), 3.66 (dd, J = 9.2, 6 Hz, 1H), 1.46 (s, 9H), 1.45 (s, 9H). "“C
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NMR (100 Hz, CDCls): § 169.90, 128.57, 127.93, 127.81, 82.18, 79.90, 73.51, 70.72, 54.70,
28.55, 28.20. MS (ESI): m/z [M+H+] calced for C19Hp9oNOs 351.3 found 352.0.
L-N-[(1,1-dimethylethoxy)carbonyl]-, 1,1-dimethylethyl ester (2)

O

Ho/\‘)L Ot-Bu

HN ‘Boc

The selective cleavage of benzyl ether in 1 (1 g, 3 mmol, 1.0 equiv) using H, (45 psi) over
Pd/C (10%) (32 mg, 0.3 mmol, 0.1 equiv) in EtOH (15 mL) was performed by Parr shaker at r.t
for 4 h. The reaction crude was filtered through celite and rotary evaporated. The crude product
was purified by flash chromatography (silica gel, 200 g), eluting with 15 % ethyl acetate in
hexane. Fractions containing the desire product 2 were identified by TLC (SiO,, 20/80
EtOAc/hexane, Ry = 0.2) with ninhydrin staining. The desired product 2 was obtained as a white
powder (0.69 g, 88 %). '"H NMR (400 Hz, CDCls): § 5.43 (s, 1H), 4.25 (s, 1H), 3.89 (t, ] =4 Hz,
2H), 2.48 (s, 1H), 1.49 (s, 9H), 1.46 (s, 9H). °C NMR (100 Hz, CDCL): & 169.97, 156.10,
82.85, 80.34, 64.31, 56.56, 28.51, 28.21.

L-1,2,3-Oxathiazolidine-3,4-dicarboxylic acid, 3,4-bis(1,1-dimethylethyl) ester, 2-oxide (3)

0]

O‘YJ\Ot-Bu
S—NBoc
0]

Thionyl chloride (0.09 g, 0.75 mmol, 1.5 equiv) was prepared in the 15 mL-reaction flask
and diluted with acetonitrile (2 mL) then cooled to -40 °C by EtOAc/dry ice bath. 2 (0.13 g, 0.5
mmol, 1.0 equiv) was dissolved in another 2 mL of acetonitrile and added dropwise to the 15 mL
flask. The reaction mixture was stirred at the same temperature for 45 min then pyridine (0.2 g,

2.5 mmol, 5.0 equiv) was also added dropwise to the mixture. The reaction mixture was stirred



for 1h at -40 °C then gradually warmed up to r.t and kept stirring at the same temperature for
additional 30 min. The reaction was quenched by poured into iced-water (10 mL). The crude
mixture was partitioned between H,O and EtOAc. The aqueous layer was extracted with ethyl
acetate (10 mL X 3) and the combined organic extracts were washed with 1M aqueous HCI (5
mL X 2), ice-cold NaHCO; (5 mL), and brine (5 mL) then dried (Na,SO.), filtered and
concentrated. The cyclic sulfamidate 3 identified by TLC (SiO,, 20/80 EtOAc/hexane, Ry = 0.45)
with ninhydrin staining was dried under vacuo and this crude 3 used for further oxidation
without purification.

L-1,2,3-Oxathiazolidine-3,4-dicarboxylic acid, 3,4-bis(1,1-dimethylethyl) ester, 2,2-dioxide
4)

0
0 \HL Ot-Bu

O:S—NBOC
0]

The crude 3 (0.154 g, 0.5 mmol, 1.0 equiv) stored in the 25 mL of reaction flask was
dissolved in acetonitrile (3 mL) and the solution was cooled with ice-water bath. To the solution,
RuCl3*H,0 (3 mg, 0.015 mmol, 0.03 equiv) and NalO4 (0.16 g, 0.75 mmol, 1.5 equiv) was added
and 3 mL of H,O was also added, respectively. The reaction was performed at 0 °C for 2 h then
poured into diethyl ether (10 mL). The crude mixture was partitioned between H,O and Et,0.
The aqueous layer was extracted with Et;O (10 mL X 2) and the combined organic layers were
washed with ice-cold saturated aqueous NaHCO; (5 mL) and brine (5 mL). The organic phase
was submitted to NaSQy, filtered and concentrated. The crude product was purified by flash
chromatography (silica gel, 100 g), eluting with 15 % ethyl acetate in hexane. Fractions
containing the desire product 4 were identified by TLC (SiO,, 20/80 EtOAc/hexane, R, = 0.32)

with ninhydrin staining. The product 4 was obtained as a white powder (0.16 g, 99 %). 'H
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NMR (400 Hz, CDCl3): 6 4.76 —4.71 (m, 1H), 4.64 — 4.62 ( m, 2H), 1.57 (s, 9H), 1.52 (s, 9H).
C NMR (100 Hz, CDCl3): § 166.35, 148.43, 86.21, 84.83, 68.09, 58.45, 28.22, 28.15.
3.2.2. Synthesis of asparagine from prepared sulfamidate
3-Cyano-2-[[(1,1-dimethylethoxy)carbonyl]amino]-, 1,1-dimethylethyl ester, (2S)- (5)

O

Nc/\‘)L Ot-Bu

HNBoc

To the sulfamidate 4 (96 mg, 0.3 mmol, 1 equiv) in a reaction vial, KCN (39 mg, 0.6 mmol, 2
equiv) was added and dissolved in dry DMF (3 mL). The reaction mixture was stirred at r.t for 4
h. The reaction crude was poured into 1M aqueous KH,PO,4 (20 mL) and the organic phase was
extract with ethyl acetate (15 mL X 3) and rinsed with brine (15 mL X 2). The crude mixture
was dried (NaSQ,), filtered and concentrated under vacuo. The crude 5 was identified by TLC
(S10,, 20/80 EtOAc/hexane, Ry= 0.4) with ninhydrin staining. The crude product was purified by
flash chromatography (silica gel, 100 g), eluting with 15 % ethyl acetate in hexane. However
fractions containing the desire product 5 contained unknown impurity as well. This unknown
impurity which is UV active but ninhydrin inactive was detected by TLC (SiO,, 20/80
EtOAc/hexane, R,= 0.38). The two spots of product 5 and the unknown impurity were too close
to be separated. The presence of product 5 in the crude mixture was confirmed by MS spec and
'"H NMR. According to 'H NMR spectrum (Supporting information), product 5/unknown
aromatic impurity = 2/1 was confirmed. The product 5 including unknown impurity was used
for hydrolysis to obtain asparagine. 'H NMR (400 Hz, CDCl3): § 5.44 (d, J = 5.6 Hz, 1H), 4.37
(d, T = 6 Hz, 1H), 2.92 (qd, J = 17.4, 5.2, 2H). MS (ESI): m/z [M+H'] calcd for C4H24N,0,

284.17 found 28&5.
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Asparagine (6)

0
HoN NOH
O NH,

The product 5 including unknown aromatic impurity (27 mg of 5 in total 40 mg of crude, 0.1
mmol, 1 equiv) was dissolved in methylene chloride (2 mL) and treated with trifluoroacetic acid
(10 % v/v, 0.2 mL, 2.6 mmol, 26 equiv) and DMSO (10 pL) as a scavenger. The reaction
mixture was stirred at r.t for 12 hr then the resulting crude was concentrate by rotary evaporator.
The resulting crude was dissolved in H,O (1mL) and neutralized by adding 5% aqueous NHj3
solution dropwise. A plug of Ag SOW-X8 resin (3.6 g) was prepared for the purification of the
neutralized crude mixture. Fractions containing the desire asparagine (6) were identified by TLC
(S10,, 20/80 EtOAc/hexane, R, = 0.3) with ninhydrin staining. The product 6 was confirmed by

mass spectroscopy. MS (ESI): m/z [M+H+] calced for C4HgN,O3 132.05 found 133.1.

3.3. Radiochemistry
Based on the strategy tested without radioactivity (3.2. Cold chemistry), we also carried out
the synthesis of L-[4-''C]-asparagine through ring-opening nucleophilic [''C]cyanation and

selective acidic hydrolysis and deprotection reactions (Figure 3).

Figure 3. Radiosynthesis of [''CJasparagine via [''C]cyanation followed by alkaline hydrolysis

from sulfamidate precursor

o)
o (0]
1)03mLDMF - 1). 120 °C, 8 min N”C/\A)LO"B“ HoN . HO~
Base/18.0.6 N . , T TFAH,SO0, ”C/\)kOH 1.5 mL 4 M HCl MC/\‘)KOH
—_— —_— —_— —_—
stochpl: 1 rgl(_) °c 2)HTCN ° 2)C18 Plus HOsS " Boc 150 oc, 10 min O NH, 120 °C, 10 min O NH,
(pre-dried @ ) Collection O\‘)L Purification — 4""C]L-Asparagine 4["C]L-Asparatic Acid
Ot-Bu

0 S—NBOC g amidate
2 mg/0.2 mL DMF

{ Nucleophilic ["'C]cyanation ] Acidic hydrolysis
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3.3.1. Production of [''C]CO; and [''C]HCN

Carbon-11 was generated as [''C]CO, using 17.4 MeV proton irradiation of N, gas target
containing 100 ppm O, to induce the *N(p, a)''C nuclear reaction. Irradiations were carried out
on the BNL EBCO TR-19 cyclotron. The [''CJHCN was produced via automated gas phase

synthesis by a homemade system™.

Briefly, [''C]CO, produced from this process was collected
over molecular sieves, catalytically reduced to [“C]CH4 with H, over Ni at 420°C. The
[''C]CH, was converted the [''CJHCN by adding gaseous ammonia and passage through a Pt
furnace at 950°C at a flow rate of 350~400mL/min. Radioactivity measurements were made in a
Capintec CRC-712MYV radioisotope dose calibrator (Capintec Inc., Ramsey, NJ).

3.3.2. Purification of ['"CJHCN

The purification procedure for delivering anhydrous [''CJHCN was modified and optimized
based on previously published method®'. [''CJHCN was transferred from the cyclotron vault in a
gas stream in the presence of NH; and H,O. Before trapping of the [''Clcyanide, it was passed
through 5 mL of 50 % sulphuric acid heated to 65 °C followed by 1 — 2 g of phosphorous
pentoxide. Anhydrous [''C]cyanide was trapped in reaction vessel containing reaction solvent
(0.3 mL), cation source (0.3 mmol) in presence of 18-C-6 (0.6 mmol) and stir bar.

3.3.3. Radiosynthesis of [HC]aspragine

[HC]Cyanation from sulfamidate precursor (4) to [”C]nitrile intermediate (| ”C]S)

)

N11 NJ\Ot_Bu

KO, N Boc

Stock solution of K,CO3;/KHCO3/18-crown-6 (0.1 mmol/0.2 mmol/0.6 mmol) in H;O (3

mL)/acetonitrile (17 mL) was prepared in advance. 1 mL of the stock solution

218



(K2CO3/KHCO3/18-crown-6 (5 umol/10 umol/30 umol)) was transferred to a U-shape reaction
vessel with a stirring bar and the reaction vessel was capped. The basic solution in the reaction
vessel was azeotropically dried by Ar at room temperature then dissolved in 0.3 mL of
dimethylacetamide (DMF). After trapping the anhydrous [''CJHCN directly into the reaction
vessel for 3 min at r.t, sulfamidate precursor (2 mg, 6.19 pmol) dissolved in 0.2 mL of DMF was
added then the [''C]cyanation reaction was performed at 120 °C for 8 min. To the crude reaction
mixture, ice-cold aqueous formic acid solution (2 % v/v, 1 mL) was added for quenching the
reaction. The resulting mixture was diluted with aqueous formic acid solution (2 % v/v, 9 mL)
and loaded to a C18 plus SepPak® cartridge. The cartridge holding [''C]nitrile intermediate was
rinsed with 5 mL of deionized water and dried with air to minimize dead volume of residual
water. The [''C]nitrile intermediate was eluted with acetonitrile (1.5 mL) into the second
reaction vessel. The intermediate [''C]5 was not stable during analytical HPLC performance so
[''C]5 eluted from SepPak® cartridge was directly used for following hydrolysis without
analysis by HPLC. Radiochemical yield of [''C]5 (61%, decay-corrected) was calculated based
on purified radioactivity via solid phase extraction with SepPak® measured by Capintec .
Acidic hydrolysis to [HC]asparagine ([HC]Asn) ([HC]6)

(0]
Mo OH
I
O NHy

HoN

The crude [''Clnitrile intermediate in the second reaction vessel was azeotropically dried
under Ar flow by adding acetonitrile (1 mL X 2) at 120 °C. To the dried [''C]nitrile intermediate
trifluoroacetic acid/sulfuric acid (v/v = 2/1, 0.25 mL) was added and hydrolysis was performed at
120 °C for 10 min. The resulting crude was diluted with deionized water and loaded to the

formulation column (D X H, 0.5” X 2.65”, 4.5 g Agl11-AS8 resin preconditioned with 0.5 M NaCl
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aqueous solution (10 mL X 2) and deionized water (100 mL). After purification, three fractions
(fraction 1: 2 mL, fraction 2: 4 mL and fraction 3: 2 mL) were collected separately.
Radiochemical yield of [''CJasparagine was obtained with the formulated [''Clasparagine
(fraction 2). pH of each fraction (pH ~ 7) was confirmed. The fraction 2 (4 mL) was split for 1)
analysis of the quality of the [''Clasparagine (3.3.6. General procedure of [''C]Asn quality
control); 2) specific activity (3.3.7. General procedure for obtaining Fmoc-[''C]Asn specific
activity); 3) further hydrolysis to [''C]Asp to confirm stereoselectivity (3.3.8. Further
hydrolysis to [''C]Asp and confirmation of L/D ratio).

3.3.4. General procedure of [''C|Asn quality control

A 10 — 20 pL of aliquot from the fraction 2 was injected to analytical HPLC using isocratic
system with 2 mM Cu(AcO), aqueous solution at flow rate 1.0 mL/min on a Chirax chiral
column (Phenominex, 250 X 4.6 mm, 5 um). The combined L/D-[''C]Asn was eluted at 12 min.
Radiochemical yield of [''C]Asn was 45 — 52 % and radiochemical purity was > 96 %.

3.3.5. General procedure for obtaining Fmoc-[''C|Asn specific activity

(0]
HoN |
(o) NHFmoc

100 uL of [''C]Asn from the fraction 2 was combined with 100 pL sodium borate buffer
solution (pH 7.8) and vortexed. 200 pL of aliquot from the batch of Fmoc-ClI (15 mg, 0.058
umol) dissolved in acetone (1 mL) was added to the vortexed [''C]Asn mixture and vortexed
every 5 min. After 15 min, reaction mixture (10 pL) was injected. The Fmoc-[''C]Asn was
eluted at 10 min. The UV-Fmoc-Asn peak was integrated to give nmoles. The radioactivity
with injection syringe was counted in pCi before and after the injection to HPLC by Capintec

and recored with clock times. The actual activity injected to HPLC was decay corrected from
220



Capintec to end-of-bombardment (EOB) and converted to mCi. According to this information,
5.5 — 11.1 GBg/umol of specific activity of [''C]Asn were obtained. Determination of specific
activity was carried out by Colleen Shea (Supplementary information Part1.)

3.3.6. Hydrolysis of [HC]Asn to [llC]Asp and confirmation of L/D ratio

(0]
THes OH
I
O NHy

HO

An efficient method for the separation of L- and D-asparagine has not been developed.
Further hydrolysis to [''C]Asp was required to confirm the L/D ratio of [''Clasparagine. 1 mL
of the formulated [''C]Asn from fraction 2 was transferred to a U-shape reaction vessel with stir
bar. To the [''C]Asn, 0.5 mL of 12M HCI was added and the reaction was performed at 130 °C
for 10 min. The resulting crude mixture was diluted with deionized water and loaded over the
formulation column. The formulation procedure for purifying [''C]Asp is the same as shown
above (3.3.5. Acidic hydrolysis to [''Clasparagine). The pH of each fraction from the
formulation (pH ~ 7) was confirmed. The fraction 2 (20 pL) was used for HPLC analysis to
configure the L/D ratio of [''C]Asp using isocratic system with IPA/2.0 mM CuSO, aqueous
solution = 10/90 (v/v) at flow rate 0.8 mL/min on a Chirex chiral column (Phenominex, 150 X
4.6 mm, 5 um). The L—[“C]Asp was eluted at 11 min and D-[''C]Aps was eluted at 14 min.

L/D ratio (> 40/1) was confirmed based on the analytical HPLC profile.

4. Result and discussion

Synthesis of the desired cyclic sulfamidate was achieved from commertially available Boc-

O-benzyl-L-serine using essentially straightforward methodology shown on Scheme 1. The tert-
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butyloxycarbonyl (Boc) group was chosen for protection of the ester group to limit nucleophilic
and/or basic attack both on this functionality and at the a-position in the cyanation for
preparation of nitrile intermediate for asparagine. The benzyl ether group cleavage was
performed under hydrogenation with H, and Pd/C (10%) in quantitative yield. Formation of the
cyclic sulfamidate (4) was achieved from the 1,2-amino alcohol by nucleophilic substitution with
thionyl chloride to yield the sulfamidate using sodium periodate in presence of catalytic
ruthenium (VIII).

We examined the nucleophilic ring opening of the cyclic sulfamidate (4) with cyanide
nucleophile in the model reaction shown on Scheme 2. The sulfamidate (4) was shown to react
efficiently with potassium cyanide under basic conditions to give the nitrile (5§). The desired
asparagine (6) was obtained via hydrolysis with strong acid (THF/H,SO4 = 2/1). This asparagine
was identified by analytical HPLC and mass spectroscopy.

Table 1. Optimization of [''C]cyanation reaction

o)
H''CN
ﬁ)OL Base/18-C-6/solvent NﬂC/\,l\l)LOt'B“
o Ot-Bu > HO5S ' Boc
0:S—NBoc 120 °C, 8 min

o ["C]Nitrile

Entry [''CJHCN trapping salt Reaction condition ["'Clnitrile  L/D ratio
RCY (%)

1 CsHCO3/18-C-6 (pH 8.5) DMF, 120 °C, 8 min 57 33/1
2 KHCO3/18-C-6 (pH 8.4) DMSO, 120°C, 8 min 38 15/1
3 KHCO3/18-C-6 (pH 8.4) DMA, 120°C, 8 min 66 136/1
4 KHCO3/K,CO3/18-C-6 (pH 9) DMF, 120 °C, 8 min 68 306/1
5 KHCO/K,CO5/18-C-6 (pH 10)  DMF, 120°C, 8 min 61 Only L
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Radiosynthesis of L-[4-''Clasparagine was designed via non-carrier added nucleophilic

[''C]cyanation followed by hydrolysis via selective deprotection with THF/H,SO,. Further
hydrolysis with concentrate HCI to L-[4-11C]aspartic acid to easily confirm its stereochemistry
by known analytical HPLC method identifying L/D-isomer Scheme 3. The investigation of
reaction parameters started with the nucleophilic [''CJcyanation (Table 1). We first tested
[''Clcyanation with previously optimized reference condition'’: CsHCO3/18-C-6 (0.015
mmol/0.03 mmol, pH = 8.5) in DMF (0.5 mL) at 120 °C for 8§ min (entry 1). The [“C]cyanation
57 %) and stereoselectivity (L/D = 33/1) was promising at the first time with CsHCO;3; but the
( y p g
result was not reproducible. This may be due to instability of the cesium bicarbonate at high
temperature. Although ore more stable base, KHCO3;, was used to result in corresponding pH

H 8.4), [''C]nitrile intermediate was rapidly decomposed in DMSO. The radiochemical yield
® pidly p y
(RCY) of [''C]cyanation was low (38%) with poor stereoselectivity (entry 2). Indeed, RCY of
[“C]cyanation and stereoselectivity was recovered immediately (66% and L/D=136/1,
respectively in entry 3) by using robust base KHCOs3; in DMA. By increasing basicity with
K>COs in DMF, highly stereoselective [''C]cyanation was carried out in high RCY (entry 4 and
entry 5).

Table 2. Optimization of acidic hydrolysis and deprotection to L-[4-''C]asparagine

0
N”C/\‘)Lot-Bu TEAH.SO HoN . 1
N 29Uy > 110/\)1\0}_1
HO3S " Boc 129 oc, 10 min O NH,
["'C]Nitrile 4-[""C]L-Asparagine
Entry  Acidic hydrolysis conditions [''C]Asn RCY
6 TFA/H,SOs4, (4:1, 0.2 mL), 120 °C, 10 min 36
7 TFA/H,SOs4, (2:1, 0.2 mL), 120 °C, 10 min 73
8 TFA/H,SO4, (2:1, 0.25 mL), 120 °C, 10 min 96
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Optimization of following acidic hydrolysis and selective deprotection of [''Clnitrile
intermediate by modifying proportion and volume of trifluoroacetic acid/sulfuric acid is
described in Table 2. This hydrolysis procedure and deprotection was successfully achieved (96
%) with 0.25 mL of TFA/H,SO4 (2/1) at 120 °C for 10 min (entry 8).

In summary, the current best result from non-carrier added nucleophilic [''C]cyanation
(61%) was obtained with KHCO3/K,CO3/18-C-6 (0.005 mmol/0.005 mmol/0.03 mmol, pH =
8.5) in DMF (0.5 mL) at 120 °C for 8 min. The overall yield of the desired [4-''CJasparagine
was obtained in 52% without D-isomer. This stereospecificity was determined by L/D radio of
[4-''Claspartic acid by further hydrolysis from [4-''Clasparagine. The radiochemical purity of
the final product was > 96 %. The specific activity of the final product [4-''CJasparagine, based

upon our Fmoc-derivatization method, was 5.5 — 11.1 GBg/pmol.

5. Conclusion

In summary, we have developed an improved method for synthesizing the biologically
interesting PET radiotracer L-[4-''Clasparagine, which features mild reaction conditions and
increased yields. The synthesis process was based on successful preparation of cyclic
sulfamidate precursor via synthesis in four steps in high yield.

Additionally, the conditions that we report here will become the cornerstones of further
systematic investigation of reaction parameters for which included varied [''C]cyanide trapping
conditions, PTC, solvents, temperatures and reaction times, as well as investigating the impact of
a trace amount of H,O, etc. in order to understand the Sy2 [“C]cyanation of a base- and

moisture-sensitive substrate with non-carrier added conditions better. Reproducibility of this
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method also must be proved by repeated experiments. Similar systematic investigations should

be very beneficial for future [''C]cyanide-based radiotracer development.
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Part 1. HPLC analysis

1.1. Quality control of [HC]asparagine

Lab name: SRI Instruments

Collected: 01-22-2015

Analysis date: 02/04/2015 10:42:21

EH 289 B8 2By BRBN

47

8988928

: Syringe Injection
ical UV

Analytical
Column: Luna C18 250x4.6
Carrier: 40:60 FA(0.1%) :ACN
E056_QC#1

Operator: Youwen/So Jeong

Comments: flow: 1 mU/min 254 nm

Lab name: SRI Instruments
Collected: 01-22-2015
Analysis date: 02/04/2015 10:42:21
Method: Syringe Injection

ical Rad

Description: Analytical
Column: Luna C18 250x4.6
Carrier: 40:60 FA(0.1%) :ACN
Sample: E056_QC#1
Operator: Youwen/So Jeong
Comments: flow: 1 mL/min 254 nm

QC batch: 01-15-2015 QC#1 QC batch: 01-15-2015 QC#1
-6.122 92.090 -8.339 125.427
L 1
E 124505 3 C JRDRAR
- -/3.966 = 74 N7
- 5918 S rAn
N o 3-/6.400
C 765" T
C QI: L0 218 9768
L 1 3-11.083
- -3 -[12.083
C 13F 113268
r 15 414822
L = 158618 I L -/15.483
- 17 1
- 19 -
- 21+ -/21.000
- 23 -
C o5  -24.483
C ok
C > -/29.600 8-
L 31+
- 33 -
B 351 T
C 87 ¥37.200
- 39 {-/38.983
' af {iaE
N aaf 742418
- = 44 01e
L 45 3 -Jd501A8
[ /[ 45300 oF st
L 49 = -/47.900
[t l40.033 - -/49.133
' { s2.083
sal L
1'55.050 551
-/36.300 s7F
L 50
Component  Retention Area Area % Component  Retention Area Area %
15616 101.7560 5.8952 9766 2790.9090 98.0532
101.756100.0000 2790.9090 100.0000
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1.2. Quality control of [HC]aspartic acid for L/D ratio determination

Lab name: BNL Cyclotron
Chient: Cyclotron Hot Lab
Collected: 02/04/2015
Analysis date: 02/04/2015 11:16:10
Method: syringe injection
Description: UV
Column: Chirex3126 150 x 4.60
Carrier: 5% IPA : 2 mM CuSO4
Data file: E058-Asp QC_UO1.CHR ()
Sample: [11CJAsp final QC
Comments: 20 ul injection
Temperature: RT
Flow: 1.0 mL/min

QC batch: E058_Asp QC

Lab name: BNL Cyclotron
Client Cyclotron Hot Lab
Collected: 02/04/2015
Analysis date: 02/04/2015 11:16:10
Method: syringe injection
Description: Radio
Column: Chirex3126 150 x 4.60
Carrier: 5% IPA : 2 mM CuS0O4
Data file: E058-Asp QC_RO1.CHR ()
Sample: [11CJAsp final QC
Comments: 20 ul injection
Temperature: RT
Flow: 1.0 mLimin

QC batch: E058_Asp QC

-6.035 33.028 -126.53?;“0 288 1413.646
s 1+ .
2./é 100 1.800 S|
3 - -2833 3l
af ———— 4100 4 13933
sE— — 45016 5
6 8
7 /7.100 7+
’ of {733
. 19.416 oL
11 11
I )-/11.416 ul 11.333
13 13
14 i ana 14|
i’ /14.366 wr
16 18 I
17 116.933 1)

. 18.450 oL 7.883
2 419,616 2L 100050
21 2t 121100
2 22066 22

23 23

24 24E

25 25|

26 28

27 27|

281 281

20F 20

30+ 30}

31 31

32+ 32+

33F 33

34+ 34

35 351

Component  Retention Area  Area %

0.000100.0000

Component  Retention Area Area %
11.333 68520.2000 00.0551

68520.2000 100.0000
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1.3. Specific activity determination (Fmoc-['"C]Asn)

a. UV
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

MeV

0.00 2.00 4.00 6.00 8.00 10.00 12.00

Time (min)

0.14 :
b. Radio
0.12
0.1
0.08

0.06

MeV

0.04

0.02

0.00 2.00 4.00 6.00 8.00 10.00 12.00
Time (min)
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Part 2. '"H/*C NMR spectroscopy and Mass spectrometry (ESI)
2.1. '"HNMR
2.2. "CNMR

2.3. Mass spectrometry
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DATA\FOWLER\A123114_ COMPD1.D
Sample Name : Al23114_compdl

Acq. Operator

Acqg. Instrument :

Injection Date

heq. Methed
Last changed

Analysis mathod

Jee
Instrument i location : P1-F-01
1/23/2015 4:36:16 MM Inj : 1

Inj Velume : 3.0 pl

: D:\CEEM32\METHODS\DIR-INJ-POS.M
: 1/23/2015 4:35:10 PH by Jee

{modified after loading}
D: \CREM32\DATA\EONDA\CWC=I~126-2.D\DA. M

Last changad : 1/8/2015 5:03:28 PM by Chih-Weli
Method Info : Direct-inject (FIR) ESI positive
Al (0.1%Ac): Bl [MeOH); 25:75(v:v]; 0.3ml/min
Sample Info i pos
MS Spectrum
o -
. 2 g
] Max: [42527
1 2
5
B0~
m_
40—
20
g
o
1 " aa 2
| | S i
o i N F A
L T L) L) T 1
_100 200 250 3co 380 450
Instrument 1 1/22/2015 4:40:56 PM Chih-Wei Page
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DHTA\FOULER\A01IZIS_MHW ,‘
Sample Name : A011215 COMPD3.D

Reg. Operator :
Rcq. Instrument :
Injecticn Date :

&cg. Method
Last changed 3

Analysis Method :

Last changed :
Method Info :

Sample Info :

MS Spectrum

Jee

Instrument 1 Location : P1-F-03

1/23/2015 4:43:58 BM Inj : 1
Inj Volume : 3.0 pl

: D:\CHEM32\METHODS\DIR-INJ-FOS.M

1/23/201% 4:41:40 BM by Jee

(modified after loading)

D: \CHEM32\DATA\HONDA\CRC-I-126~2 .D\DA. M
1/8/2015 5:03:28 ™ by Chih-Wel
Direct-inject {FIA] ESI positive

Al {0.1%Ac): Bl (MeOH); 25:75(v:v); 0.3ml/min

pos

100+

80~

40 -

0

1360

M58

Max: 24539

100 _ 200
Instrument 1 1/23/2015 4:46:33 BM Chih-Rei
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Print of window 80: MS Spectrum
Data File : D:\CHEM32\DATA\FOWLER\A123114 COMPD1.D
Sample Name : A123114_compdl

Acq. Operator
Acq. Instrument
Injection Date

Acqg. Method
Last changed

Analysis Method

Last changed
Method Info

Sample Info

Jee
Instrument 1
1/23/2015 4:36:18 PM

location :
Ing
Inj Velume :

D: \CEEM3Z\METHODS\DIR=INJ=POS.M

1/23/2015 4:35:10 PM by Jee
{modified afrer loading}

D: \CEEM32\DATA\HONDA\CWC-I-126-2.D\DA. M
: 1/8/2015 5:03:28 PM by Chih-Wei
Direct-inject (FIA) EST positive

Al (0.1%Ac): Bl [MeQH); 25:75{v:v); 0.3ml/min

pos

M3 Spectrum

Bsum OOM{DI

Tz,

[ 3
100- g &
Max: 142527
o
a
w-q
60
:
40
20~
- S B
n
n
, @ :
B 2
0 N N 2
T T T T T T - e
100 152 200 260 300 n/a
Instrument 1 1/23/2015 4:40:56 B Chih-Wel Page 1 of 1
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Print of window BO: MS Spectrum
Date File : D:\CHEM32\DATA\FOWLER\R01121%
Sample Name : A011215_COMPD3.D

&cq. Operator :
Acq. Instrument :
Injection Date

Acq. Method H
Last changed

Bnalysis Method

Last changed -
Method Info -

Samgple Info 3

Direct-inject {FIA) ESI positive
AL (0.1%Ac): Bl (MeOH}; 25:73(viv); 0.3ml/min

pos

MS Spectrum

f{’)j‘"'m

o /i?/ﬁl\g“ ¢
°

Jee
Instrument 1 Lecation : Pl=F=-03
: 1/23/2015 4:43:58 oM Ing : 1 AQM—OO“M e
Inj Volume : 3.0 pl
D: \CHEM32\METHODS\DIK- INJ-FPOS.M
¢ 1/23/2015 4:41:40 BM by Jee
(modified after loading)
D: \CHEM32\DATA\KONDANCWC-I-126-2 . D\DA.M
1/8/2015 5:03:28 B by Chih-Wei

100 -

1350

458

Max:

24599

100 200 300

Instrument 1 1/23/2015 4:46:33 PM Chih-Wei
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Print of window B0: MS Spectrum
Data File : D:\CHEM3Z\DATA\FOWLER\R0L0115
Sample Name : AQ10115_COMED2.D

Acqg. Operator : Jee
Acqg. Instrument : Instrument 1 Location : Pl-F-02 Agu OowaE

Injection Date : 1/23/2015 4:40:26 ™ Inj : 1
Inj Volume : 3.0 pl
Acq. Methad : D:\CHEM32\METHODS\DIR-INJ-POS.M fL
Last changed : 1/23/2015 4:37:30 PM by Jee A,C/j/ o——é
{mcdified after loading}
Analyeis Method : D:\CHEM32\DATA\HONDA\CKC-I-126=2.D\DA.M U /K<
Last changed 1/8/2015 5:03:28 PM by Chih-Wei B" c

#ethed Info Direct-inject (FIA) ESI positive
Al {0.1%Ac): Bl {MeOH); 25:75{v:v); 0.3ml/min
Sample Info 1 pos

MS Spectrum

hed
8
100+
¥ox: 242203
Bo-
B0~
o«
] g
40_
o
o
&
204
r
S o o ] @
i S | i
- 1 " a ll , e, A
w v T T T v T T T
100 20 30 00 500 m/'3
Instrument 1 1/23/2015 4:44:35 P Chih-Wel page 1 of 1
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Print of window 80: MS Spectrum

Data File : D:\CHEM32\DATA\FORLER\061215_ASN.D ag .‘M
Sample Name : 061215_Asn ao 6
Usparagine. )

Acqg. Operator : So Jeong

heq. Instrument : Instrument 1 Location : Vial 1
Injection Date : 6/12/2015 6:53:2% BM Inj : 1 ?5

Inj Volume : 1.0 pl \0”
Reg. Method : D:\CHEM22\METHODS\DIR-INJ-FOS.M MJ

Last changed : 6/12/2015 6:52:51 PM by So Jeony PR
. (modified after leoading)
Analysis Method : D:\CHEM32\DATA\FOWLER\061215 ASN.D\DR.M (DIR-INJ=-POS.M, From Data File)
Last changed : 6/12/2015 6:55:08 PM by Sc Jecng
Method Info ¢ Direct~inject {(FIA) ESI positive
Al (0.1%Ac): BL (MeOH); 25:75(v:v); 0.25ml/min

¥S Spectrum
MSD1 SPC, Wne-0.193.0.444 of DVCHEMIZDATAFOWLERGE1215_ASN.D  ES-APY, Poe, Scart Frag: 70
v
100 T
Max: 48666
w-
@
w-
3
40—
<
&

20 -

5

I,
- ] o=
FHEE

o_ J

T Y T 1 v N N T v T o T v T T

1 1 140 1 1 200 m/4

Instrument 1 6/12/2015 6:55:24 FPM rajesh Page lof1l

245



