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I13F_Labelled catecholamine type radiopharmaceuticals in the
diagnosis of neurodegenerative diseases and neuroendocrine tumours:
approaches to synthesis and development prospects
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The pathogenesis of many socially significant diseases such as neurodegenerative dementias and neuroendocrine tumours
involves imbalance of neurotransmitters. Among the known neuroimaging methods, positron emission tomography (PET) is
the most perfect and informative technique for diagnosing these diseases. The potential of PET is largely determined by the
inventory of available radiopharmaceuticals, that is, biologically active molecules containing short-lived nuclides with
positron decay. This review gives a systematic account of the application of fluorine-18-labelled catecholamine type
radiopharmaceuticals in clinical investigations of the sympathetic and central nervous systems. The methods for the synthesis
of these agents and existing problems are considered. The material is arranged according to the mechanisms of reactions that
underlie the synthetic approaches: electrophilic, nucleophilic and metal-catalyzed reactions.
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1. Introduction

A significant problem of modern neurosciences is diagnosis
and treatment of socially significant diseases such as neuro-
degenerative diseases (NDDs)!—3 and neuroendocrine
tumours (NETs),*~¢ the pathogenesis of which is related
to neurotransmitter imbalance in the human body.”

It is noteworthy that the methods of diagnosis of NDDs
and NETs are rather well developed and are actively
employed in clinical practice.®-° As a rule, these methods

are used to establish and verify the diagnosis; however,
changes in the brain that cannot be visualized by conven-
tional anatomical and morphological methods [computed
X-ray tomography (CT) and magnetic resonance imaging
(MRI)] appear long before the first symptoms. The progress
in the development of modern instrumental methods and
the strategies of fine organic synthesis open up increasing
opportunities for diagnosing both NDDs and NETs in early
stages before the clinical signs appear. The key low-mole-
cular-weight markers of neurotransmitter balance are ca-
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techolamines (CAs) — dopamine [4-(2-aminoethyl)phenyl-
1,2-diol], adrenaline {or epinephrine, 4-[(1R)-1-hydroxy-
2-(methylamino)ethyl]phenyl-1,2-diol}, noradrenaline {or
norepinephrine,  4-[(1R)-2-amino-1-hydroxyethyl]phenyl-
1,2-diol} — and their metabolites such as vanillylmandelic
[2-hydroxy-2-(4-hydroxy-3-methoxyphenyl)acetic] and
homovanillic (4-hydroxy-3-methoxyphenylacetic) acids,
metanephrine [L-(4-hydroxy-3-methoxyphenyl)(methylami-
nomethyl)methanol] and normetanephrine [L-aminome-
thyl(4-hydroxy-3-methoxyphenyl)methanol], which are
formed in O-methylation reactions catalyzed by the cate-
chol-O-methyltransferase (COMT) enzyme and oxidative
deamination reaction performed by monoamine oxidase
(MAO).'% Thus, the possibility to monitor the changes in
the biosynthesis and metabolism processes (Scheme 1) and
in the perception of CA by the body provides a promising
solution for preclinical diagnosis of both neurodegenerative
diseases and neuroendocrine tumours soon after the onset
of the pathological process.

Details of PET/CT and PET/MRI diagnosis (PET is
positron emission tomography) of the mentioned diseases
are the subjects of numerous publications;® 118 therefore,
in this review, we will briefly consider the most important
aspects of the diseases related to neurotransmitter imbal-
ance, which attest to the relevance of using PET with
18F-labelled catecholamine type radiopharmaceuticals
('8F-RPs). In our opinion based on the thorough investiga-

tion of the published sources, '®F-labelled 6-fluorodop-
amine is the most promising out of these agents for
diagnosing and predicting the development of neurodege-
nerative diseases and neuroendocrine tumours. Therefore,
of substantial interest is to consider approaches to the
synthesis of catecholamine type '8F-RPs, in particular, 6-
['®F]fluorodopamine, because the short half-life of this
radionuclide (¢, = 110 min) dictates special requirements
to the rapidity and efficiency of synthetic procedures. The
issues of 8F introduction into phenols as models of cat-
echolamines are also considered. The publications of the
last 5—10 years are analyzed in detail and arranged system-
atically.

1.1. Neurodegenerative diseases

The development of NDDs, i.e., degenerative diseases of the
central nervous system, is accompanied by progressive
death of nerve cells; this reduces the content of CAs and
their metabolites in the body. The disorders lead to charac-
teristic changes in the CA biosynthesis and metabolism
processes.!® The key neurodegenerative disorders include
Alzheimer’s (AD) and Parkinson’s (PD) diseases, which are
most frequently encountered and well-known NDDs, as
well as the Huntington chorea, diffuse Lewy body disease,
Pick disease, hyperprolactinemia and some other.!-? Neuro-
degenerative diseases arise mainly in the senior age; the
increase in the life span of people in developed countries is
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accompanied by permanent growth of the number of NDD
patients. Unfortunately, the development of NDDs always
has serious consequences: patient disability, the necessity of
expensive rehabilitation, and lethal outcome, which is a
grave problem of the modern society.! The pre-symptom
diagnosis of NDDs, early detection of cognitive deficiency
and non-progressive cognitive decline, timely preventive
therapy and extension of the comfort life of a potential
patient are highly important issues of the fight for national
health.

1.2. Neuroendocrine tumours
The diagnosis of neuroendocrine tumours is also a consid-
erable problem, because most of biochemical and patho-
logical anatomical laboratories do not have at disposal the
appropriate diagnostic capabilities.?? Often, malignant neo-
plasms are diagnosed only in retrospective, that is, during
the development of metastatic or recurrent stage of the
disease. In 2013, more than 500 thousand cases of cancer
were newly diagnosed in Russia alone; this is 15% more
than in 2003. By the end of 2013, more than 3 million
patients were registered in the regional cancer care facilities
of Russia.!®

The diseases of neuroendocrine system are characterized
by enhanced synthesis of CAs due to organic lesion or
genetic defectiveness of hypothalamus.!® Phaeochromocy-
toma and paraganglioma, which are benign and malignant
catecholamine-producing tumours, are the most serious
diseases of this type, the development of which is accom-
panied by increasing level of catecholamines in the body.
They are formed from chromaffin cells of the sympatho-
adrenal system, which are localized in adrenal medulla in
90% of cases.?! Carcinoid tumours account for < 1% of all
malignant tumours and, in most cases, they appear in the
gastrointestinal tract. They are formed from the cells of the
diffuse neuroendocrine system, which arises from the neural
crest cells during embryogenesis, and migrate to different
organs.??> One more malignant tumour is neuroblastoma, a
sympathetic nervous system tumour, giving rise to numer-
ous metastases. Most of such tumours occur in the retro-
peritoneal space, most often, in adrenal glands, and more
rarely they are found in the mediastinum and in the neck.
Neuroblastoma is most frequent in children below 10 years
of age.?> The NETs include also small-cell cancer,?*
tumours of the adenohypophysis,?> adrenocortical cancer,?¢
pancreatic endocrine tumours (insulinoma, somatostati-
noma, glucagonoma and gastrinoma)?27-28 and medullary
cancer.?®

2. Radiopharmaceuticals based on '3F for positron
emission tomography

Neuroiomaging methods are now efficiently used for the
diagnosis of both NDDs and NETs. Unlike the widely
employed MRI and CT, which provide an anatomical
image of the organs, planar scintigraphy (PS), single-photon
emission computed tomography (SPECT) and PET are
functional diagnosis methods, which give characteristics of
important biochemical processes (metabolism, perfusion,
and receptor and neurotransmitter interactions). The
amount of information provided by these methods has
substantially increased with the advent of hybrid technolo-
gies (PET/CT, PET/MRI, etc.),!-3%3! in which areas of
biochemical changes can be superimposed onto anatomical

structures. A perfect method for preclinical diagnosis
should be not only highly sensitive, but also sufficiently
specific with respect to various kinds of NDDs and NETs,
and should directly reflect the changes caused by the
therapy, which may be achieved by imaging of the neuro-
transmitter imbalance and CA metabolism disorders.

The CT and MRI methods are included in the standard
set of diagnostic examination of dementia patients. The
diagnosis of AD and PD is based on evaluation of the
pattern of metabolic impairment and deformation of tissue
structure.3? In recent years, these methods for NDD and
NET diagnosis have been often supplemented by PET,
which is based on the use of radiopharmaceuticals (RPs,
radiotracers) containing radionuclides with a positron type
of decay. The positron decay is accompanied by the for-
mation of two annihilation y-quanta with an energy of
0.511 MeV emitted at an angle of 180°, which are detected
by the external ring detector system of the PET cham-
ber.33-35

The capabilities of the PET/CT method are largely
determined by the range of available radiopharmaceuticals,
which are injected in advance into the human body.!” As a
rule, biologically significant short-lived ('8F) (Ref. 36) and
ultra-short-lived (''C, '’N, '30) positron-emitting radio-
nuclides are used as radiotracers in PET.37-3% In addition,
‘alternative’ positron emitters, including those with longer
half-lives, have started to be used in recent years; this makes
it possible to diagnose processes with slow pharmacoki-
netics. Among such radionuclides, °®Ga and °*Cu are
already applied, and 3%°Zr and 8°Y have prospects for the
use in the future.?—4!

In the clinical and preclinical PET/CT examination, RPs
with the '8F radionuclide are employed most widely, which
is caused by favourable nuclear physical properties, includ-
ing

— high probability of B*-decay (97%);

— low positron energy (0.64 MeV) and short range in
tissue (at most 2.4 mm), which gives rise to high-resolution
PET images;

— half-life (110 min) that allows for transportation of
I8F-RPs from the production site to the near-by PET
centres;

and also owing to

— simple preparation of large amounts of '8F (>20 Ci
per single irradiation) in dedicated PET cyclotrons upon
irradiation with '80-enriched water protons;

— possibility to obtain RPs with high specific activity;

— relatively high radiochemical yields (20% —70%) of
I8F_RP syntheses, which enables the manufacture of tens of
clinical doses in one synthesis.#>43

2.1. '8F -Based radiopharmaceuticals used in PET/CT
diagnosis of neurodegenerative diseases

The most popular and accessible RP that is used in 90% of
clinical PET/CT examinations is ['8F]2-fluoro-2-deoxy-D-
glucose (['8F]FDG). In the case of NDDs, this RP is used
for PET examination of AD patients, because they tend to
have reduced glucose consumption in brain hemispheres,
which is reflected as asymmetric accumulation of the radio-
active glucose analogue.** However, as a rule, due to the
lack of specificity of this radiotracer and high background
level of the physiological glucose accumulation by grey
matter, PET with ['8F]JFDG gives little information, estab-
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lishing the correct diagnosis in early stages of NDD being a
challenge even for experienced doctors.

It is possible to employ specific RPs — receptor
radioligands — to diagnose various kinds of NDDs by
PET/CT. For example, AD is accompanied by the forma-
tion of neurofibrillary tangles in neurons and senile plaques,
which is associated with deposition of abnormal proteins:
the tau-protein and the B-amyloid protein, respectively. A
wide range of '8F derivatives are applicable as radiotracers
for imaging of these two pathological processes; in partic-
ular, imaging of the B-amyloid proteins is performed
most often using ['*FIFDDNP (['8F](2-(1-{6-
[(2-fluoroethyl)(methyl)amino]-2-napthyl}ethylidene)malo-
nonitrile),*5 ['8F]flutemetamol (3'-F-PiB; '8F-labelled ‘Pitts-
burgh compound B’),*¢ ['® F]florbetaben ('*F-AV-1)47 and
['8F]florbetapir ('8F-AV-45).4®¢ The imaging of tau-pro-
teins '! is accomplished most often using 2-aryl-6-fluoroal-
kyloxyquinolines  ['®F]THK-523,4  [8F]THK-5351,%
['® F]ITHK-5105,3" ["8F]THK-5117,32 pyrimido[l,2-a]benz-
imidazole ['8F]T808,%3 5H-pyrido[4,3-blindole ['8F]T807 >4
and ['"®F]FDDNP (Fig. 1). The structures of radioligands
that bind to B-amyloid are similar to the structures of
histological stains such as Congo red, thioflavin-T and
chrysamine G. However, the key drawback of the '8F-RPs
of this type is high level of non-specific binding to the white
matter. Furthermore, receptor radioligands are suitable,
first of all, for detecting the fibrillar deposits of B-amyloid
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Figure 1.
for diagnosis of neurodegenerative disorders.

and, hence, for observing cerebral B-amyloidosis. The first
RP for imaging of senile plaques — ['F]JFDDNP — has
quite a few shortcomings: high degree of non-specific bind-
ing, low brain uptake and the absence of validated proce-
dures for quantitative calculation of the kinetics. The
['8FJTHK-523 agent developed in Japan is the first radio-
ligand to selectively bind to the tau-protein (~20 times
higher selectivity to the tau-protein than to the B-amyloid
protein). More recent studies of the pharmacokinetics of
some analogues of this RP — [18F]THK-5351, ['®F]THK-
5105 and ['® FJ]THK-5117 — showed even lower affinity to
white matter and a higher affinity to the tau-protein.>0—>2
More recently, ['8F]T808 and ['8F]T807 have been reported,
having a 25-fold higher binding affinity to the tau-protein
than to the PB-amyloid protein and no binding to white
matter.>>

The understanding of the pathophysiological mecha-
nism of various disorders can be improved and, hence, the
diagnostic accuracy for NDDs can be enhanced by using
PET radiotracers for neurotransmitter systems (cholinergic,
serotoninergic, dopaminergic, glutaminergic and noradre-
nergic), because various NDDs cause different disorders of
neurotransmitter balance. The !8F-labelled L-3,4-
dihydroxyphenylalanine analogue L-['®F]-3.,4-dihy-
droxy-6-fluorophenylalanine {L-['8F]6-FDOPA, below des-
ignated by ['® FIFDOPA} was one of the first agents to be
used as a '8F-RP in the PET examination of the dopami-
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Figure 2. Structures of radiopharmaceuticals for PET and SPECT molecular imaging in Parkinson’s disease patients.

nergic system and pathogenesis of NDDs (Fig. 2).15.56—58
The most pronounced disorder in the functioning of the
dopaminergic system is inherent in the patients with PD and
other analogous NDDs. Figure 2 shows the structures of
RPs for the PET and SPECT molecular imaging in Parkin-
son’s disease patients based on estimation of L-DOPA
decarboxylase activity, accessibility of dopomine (DA) and
noradrenaline (NA) transporters, binding affinity of the D2
and D3 receptors, activity of VMAT-2 (vesicular mono-
amine transporter), serotonin transporter activity, acetyl-
cholinesterase activity, the accessibility of p-, k- and d-bind-
ing sites of the opioid receptor and glucose metabolism. A
benefit of using ['SF]JFDOPA is that, unlike ['8F]6-fluoro-
dopamine (['SF]JFDA), this radiotracer penetrates the
blood —brain barrier (BBB) and can be decarboxylated in
the presence of L-DOPA decarboxylase to give labelled DA,
which is accumulated in the dopaminergic neurons of
various brain regions; this provides quantitative informa-
tion about the density of dopaminergic neurons.

A problem of PET/CT diagnosis and treatment of
NDDs is associated with low permeability of the BBB for
most RPs and drugs. However, to date, new clinically
acceptable, versatile and safe transport methods are
known, so that catecholamines, such as dopamine and
3,4-dihydroxyphenylacetic acid formed as a dopamine
metabolite, can penetrate the BBB.>®

It is worth noting that new prospects in AD and PD
diagnosis may be opened by imaging of the CA metabolism
(see Scheme 1), in particular, for investigation of cognitive
processes and effect of radiation therapy on the nerve and
psychological status of patients. However, '®F-containing
CA derivatives are rather difficult to synthesize, because the
time of synthesis is commensurable with the '8F half-life
and the chemical yields are moderate.?3 Thus, a very
important requirement to the preparation methods of fluo-
rine-18-labelled CA derivatives is rapidity, which is deter-
mined by not only the rate of chemical reactions, but also
simplicity of operations (addition of reactants, stirring,
separation, isolation and so on) and their adaptability to
the modern automated modules for the synthesis of PET
RPs.

2.2. '8F-Based radiopharmaceuticals used in the PET/CT
diagnosis of neuroendocrine tumours

Currently, out of RPs used in the PET/CT detection of
cancer, ['®F]JFDG is most widely applied for clinical pur-
poses.®® The use of this RP in cancer diagnosis is based on
the fact that malignant cells are characterized by increased
activity of glycolysis caused by increased levels of glucose
transport proteins and, to a higher extent, by increased
neoplastic activity of hexokinase. However, ['8F]FDG is not
a specific agent for any tumour. Moreover, there is a high
probability of false positive results due to ['®F]FDG uti-
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lization in macrophages produced in abscesses, inflamma-
tion sites or in the case of infiltrative tumour growth.¢!
Characteristics of various RPs applied for functional imag-
ing of NETs are summarized in Table 1 and their molecular
structures are shown in Fig. 3.

In recent years, the applicability of new RPs that would
be able to compete with ['®*F]JFDG in the diagnosis of NETs
has been actively investigated. The new agents mainly refer
to two biochemical types: amino acids labelled with posi-
tron-emitting radionuclides and nucleotide analogues that
provide information about cell proliferation activity. How-
ever, because of the short half-life of the ''C nucleus
(20.4 min), which can be used only in PET/CT centres
equipped with their own cyclotron, fluorinated radiotracers
of the aromatic amino acid class are more relevant.!> The
most promising amino acid RP is ['*FJFDOPA, an endoge-
neous precursor of dopamine.

The compound ['|F]JFDOPA is a synthetic analogue of
phenylalanine, which is a noradrenaline precursor. Like the
biological analogue, ['|FJFDOPA is transported into
tumour cells by L-type amino acid transmembrane trans-
porters. Under the action of L-amino acid decarboxylase,
[' F]JFDOPA is successively metabolized to ['®F]fluorodop-

amine and then to
Scheme 1).3°

The ['® FIFDOPA agent was first used to locate NETs
such as gastrointestinal carcinoid tumours;®3- then
[ FIFDOPA was proposed as an alternative agent for
imaging and diagnosis of paragangliomas.®> It was shown
that in some cases, PET examination with ['SFIFDOPA
detects head and neck paragangliomas with 100% sensitiv-
ity.63.66.67 Currently, ['SFJFDOPA is efficiently used in the
PET/CT examination of NETs (pheochromocytomas, neu-
roblastomas), thyroid malignant tumours, insulinomas and
brain tumours.®® Thus, ['|8F]JFDOPA is employed as a
radiopharmaceutical, first of all, for detection of pheochro-
mocytomas and paragangliomas, because the diagnostic
accuracy of the method is 90% in detection of the primary
site and 100% in tumour staging.®®-%° It was shown that a
wider range of tumour sites can be detected by PET with
[ FIFDOPA than by PS with ['2)[IMIBG (Ref. 70) or
['""In]DOTA.’! Furthermore, PET with ['|*F]JFDOPA is
highly efficient in detection and staging of the medullary
thyroid cancer recurrence. The diagnostic accuracy of the
procedure markedly increases when the PET/CT combina-
tion is used;’!»7> PET/CT is recommended for disease

['8F]fluoronoradrenaline  (see

Table 1. Characteristics of various radiopharmaceuticals used for functional imaging of neuroendocrine tumours.®?

Radiopharmaceutical Image formation principle Method ti2/h
['41IMIBG Noradrenaline analogues: actively transported into neurosecretory granules PS and SPECT 100.2

['2*IIMIBG through cell membrane with noradrenaline transporter PS and SPECT 133

[SFIMFBG PS and SPECT 1.83
[''C]Adrenaline Catecholamine: actively transported into neurosecretory granules through PET 0.34
['*F]JFDA cell membrane with noradrenaline transporter PET 1.83
[''C]Hydroxyephedrine Catecholamine analogue: actively transported into neurosecretory granules PET 0.34

through cell membrane with noradrenaline transporter

[''CIFDOPA Catecholamine biosynthesis intermediate: actively transported into neurosecretory ~ PET 0.34
['8FIJFDOPA granules through cell membrane with noradrenaline transporter PET 1.83
[ FIFDG Glucose analogue: uptake and early intracellular metabolism relative to glucose PET 1.83
[*Ga]DOTATATE Somatostatin analogue: expression of somatostatin receptors PET 1.14
[**Ga]DOTATOC PET 1.14
[*8Ga]DOTANOC PET 1.14
L-[''C]Methionine Active amino acid transport and protein synthesis. Amino acids are transported PET 0.34
[*FIFAMT to the cells by transport proteins. The uptake and absorption by cells includes PET 1.83
['8FJFCCA protein synthesis or transmethylation PET 1.83
['2*1]Tyr3-Octreotide Somatostatin analogue acting on the somatostatin cell membrane receptors. PS 13.3

['""In]DTPA-Octreotide Undergoes receptor-mediated endocytosis, but does not cross lysosomal and PS 67.4

cell membranes

Note. MIBG is m-iodophenylguanidine, MFBG is m-fluorophenylguanidine, DOTA is 1,4,7,10-teraazadodecane-1.,4,7,10-tetraacetic acid, TATE
is D-phenylalanyl-L-cysteinyl-L-tyrosyl-D-tryptophyl-L-lysyl-L-threonyl-L-cysteinyl, TOC is D-phenylalanyl-L-cysteinyl-L-tyrosyl-D-tryptophyl-
L-lysyl-L-threonyl-N-[(1 R,2R)-2-hydroxy-1-(hydroxymethyl)propyl], NOC is D-phenylalanyl-L-cysteinyl-3-(1-napthyl)-L-alanyl-D-triptophyl-L-
lysyl-L-threonyl-N-[(1 R,2 R)-2-hydroxy-1-(hydroxymethyl)propyl], FAMT is 3-fluoro-a-methyltyrosine, FCCA is 3-fluorocyclobutane-1-carboxylic
acid, DTPA is diethylenetriaminepentaacetic acid.
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[68Ga]DOTANOC: R is 1-naphthyl, R? = CH,OH

Figure 3. Structures of radiopharmaceuticals used in PET/CT diagnosis of neuroendocrine tumours.

staging, first of all, for patients with planned surgery.
However, the application of ['8F]FDG for cancer diagnosis
is still significant in those cases where the diagnostic
efficiency of PET with [ F]JFDOPA is limited, for example,
in low-grade and recurrent medullary thyroid cancer.’3-74
An unquestionable benefit of ['SFJFDOPA is topical diag-
nosis at various genetic matching indications. Indeed, this
procedure has 90% sensitivity and 100% specificity in the
detection of lesions in pancreas with focal congenital hyper-
insulinism; this is why this technique is widely used in
foreign clinics for planning surgical treatment of such
diseases.”*

A study of the transformation of 6-fluorodopamine into
6-fluoronoradrenaline in vivo and their metabolism 7376
demonstrated that ['8F]JFDA can be used as an RP in the
PET method.””-7® The application of particularly 6-fluoro-
dopamine rather than isomeric 2- or 5-fluorodopamines is
related to different activities and selectivities to receptors of
non-monofluorinated dopamine analogues and to consid-
erable influence of the '8F position in the fluoronoradrena-
line molecule on its adrenergic activity.”® —8!

['®F]6-Fluorodopamine was initially used for functional
imaging of the sympathetic nervous system, and later it has
been actively tested for imaging of paragangliomas.””-78 It
has been found that ['® F]JFDA is more sensitive and efficient
for location of pheochromocytomas and paragangliomas
than [3'I[]MIBG or ['2)I]MIBG, which is used in clinical
practice.”7-78-82—84 The PET/CT diagnosis with ['8F]FDA is

highly sensitive to both primary neoplasms (77% —100%)
and metastases (77% —90%),7% 3> and the specificity of the
method exceeds 90%.7° In the diagnostic sensitivity,
['*F]JFDOPA and ['*F]FDA may be inferior to ['SF]FDG,
but they are favourably distinguished by high specificity.
However, ['8F]FDA is still accessible only as an experimen-
tal imaging radiopharmaceutical at the US National Insti-
tutes of Health.8¢ Table 2 summarizes data on the
sensitivity of PET functional imaging with various RPs in
relation to the detection of paraganglioma, namely, the
percentages of cases where the tumour was detected with a
particular RP relative to the total number of patients who
were subsequently confirmed to have the NET.

It is noteworthy that fluorinated catecholamines still
cannot compete with [ F]JFDG and ['*F]JFDOPA in the
level of exploration and the practical use for PET/CT

Table 2. Diagnostic sensitivity (%) of PET exemplified by diagnosis of
paraganglioma.$’

Paragan- Radiopharmaceutical
glioma
[SFIFDOPA [SFIFDA ['®T]MIBG ['SFIFDG
Non-meta- 81 77 77 88
static
Metastatic 45 76 57 74
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Figure 4. Percentage of publications devoted to the diagnosis of neurodegenerative diseases and neuroendocrine tumours using '8F-based

radiopharmaceuticals for PET (Web of Science database).

examination (the more so, because almost all papers
devoted to ['|F]FDA are based on comparison with
['*F]JFDOPA, which thus increases the number of publica-
tions on [ F]JFDOPA). Therefore, Fig. 4 presents the per-
centages relative to the total number of publications on each
particular RP, i.e., the normalized number of papers char-
acterizing the progress of the use of particular RPs in the
PET/CT examinations.

Thus, PET/CT examination using various radiotracers is
exceptionally important for the early clinical diagnosis of
neuroendocrine tumours and neurodegenerative diseases.
However, currently, there are still unsolved problems the
solution of which is a challenging interdisciplinary task of
modern biology, chemistry, physics and medicine. The key
problem is that the applicability of PET/CT is determined
to a high extent by the set of available biologically active
labelled compounds — radiopharmaceuticals. In view of the
specificity of catecholamine metabolism and advantages of
I8F over other radionuclides, [ F]JFDA and ['*F]JFDOPA
are undoubtedly promising RPs for the imaging of neuro-
endocrine tumours and micrometastases.®® A study of
catecholamine type '8F-RPs and improvement of the syn-
thetic routes to them with the goal of predicting and
diagnosing the above-mentioned diseases is a necessary
stage in the solution of this key problem. Therefore, below
we present data on the application of L-['8F]3,4-dihydroxy-
6-fluorophenylalanine and [!8F]6-fluorodopamine and on
the synthetic approaches to these RPs.

3. Synthetic approaches to '®F-labelled
catecholamine type radiopharmaceuticals

The key methods for the introduction of fluorine into
organic molecules can be classified into electrophilic, nucle-
ophilic, radical and metal-catalyzed ones.¥~°7 The most

Nucleophilic
fluorinating agents

Electrophilic
fluorinating agents

CsF KF f‘:
Caesium Potassium Ph__ /N\S/Ph
fluoride fluoride AN
+ + O 00 O
BUjNF -~ MesNF ~

N-Fluorobenzenesulfon-

imide (NFSi)
N N
Bt Bt @ /@\
N —~
| N \
SF, . X F X-

Diethylaminosulfur
trifluoride (DAST)

Tetra-n-butyl-  Tetramethyl-
ammonium ammonium
fluoride (TBAF) fluoride (TMAF)

X = OaSCF3, BF4, PFs

‘SF3 N-Fluoropyridinium salts

N
Meo” > oMe F F

_ \ _ \
BF, N BF, NI

D O

Bis(2-methoxyethyl)amino-
sulfur trifluoride

- \ “BF. )
BFs  Cha ‘' Me
Selectfluor
Figure 5. Most important flu- XeF2

orinating agents. Xenon difluoride

well-known commercially available fluorinating reagents
are shown in Fig. 5.33

Despite the great progress in the synthesis of fluorinated
organic compounds based on the natural '°F isotope, the
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introduction of the '8F radionuclide into organic molecules
is a separate issue,’® related to the specific features of
generation, half-life and used concentrations of this isotope.

Fluorine-18 can be generated in various nuclear reac-
tions,”® including '80(p,n)'8F, 20Ne(d,o)'8F, °O(a,d)!®F,
etc., and via the formation and radioactive decay of '¥Ne.
Only the first of the mentioned reactions is widely used in
practice, with '8 0-enriched water targets being employed
for this purpose (Scheme 2).

Scheme 2
0+ iH — F+n

itNe + {H — '§F + 3He

'$0 +3He —> '§F + iH

The benefits of the first method for '8F generation is
that it requires proton accelerators, which are often avail-
able at nuclear and medical centres (accelerators of other
nuclear particles are much less frequently encountered) and
that the radionuclide is firmed in high yields. This nuclear
reaction can be implemented with both aqueous and gas-
eous targets. Generally, the total amount of '8F that can be
produced depends on the energy of protons, beam current,
irradiation time, degree of 80 isotope enrichment and
design of the target. According to estimates,!'% it is possible
to accumulate about 111 GBq (3Ci) of ['®F]F~ in 1 h of
irradiation with a beam with a proton energy of 10—13
MeV and a beam current of 50 pA.

Methods based on nucleophilic fluorination have now
been recognized as most efficient, while other methods
possess a considerable number of drawbacks (see below).3¢
In the nucleophilic substitution methods, '8F is formed as
the fluoride ion, with no carrier added, upon irradiation of a
water target on a cyclotron, with water being enriched in
oxygen-18 (['80]H,0). The volume of the target is 1 -3 ml;
water irradiated with a flow of helium is delivered to an
automated synthesis module. Correspondingly, '8F occurs
in the irradiated water as a ['8F]F— solution. The fluoride
ion is recovered most often via anion exchange, while
['80O]H20 can be regenerated and reused. The elution of
the ['®F]fluoride from the anion exchanger is accomplished
by a solution of potassium carbonate and kryptofix (see
below) in an acetonitrile — water mixture (96 : 4).101-102 Then
the solvents are eliminated in a vacuum or in a nitrogen flow
with heating, and the resulting K> complex with potas-
sium ['®F]fluoride is directly introduced in the nucleophilic
substitution reaction without azeotropic drying, which sub-
stantially reduces the time of synthesis. The use of Krypto-

Iy

CoD

o

Figure 6. Structure of kryptofix (1,10-diaza-4,7,13,16,21,24-hexa-
oxabicyclo[8.8.8]hexacosane), a K*-chelating ligand.

fix®  (Fig. 6) {1,10-diaza-4,7,13,16,21,24-hexaoxabicy-
clo[8.8.8]hexacosane, kryptand[2.2.2], K222), a specific K-
chelating ligand !9 is associated with the fact that the
hydrated fluoride ion has low reactivity as a nucleophile,
while the kryptofix complex is readily soluble in organic
solvents and has a high reactivity.

The above procedure for the preparation of ['8F]F — has
certain drawbacks. The first one is the necessity of thorough
drying of the reactants, because the nucleophilicity of the
fluoride anion in water is very low. To eliminate this
problem, it is necessary to remove water, to use, as indicated
above, special ligands to enclose counter-ions (e.g., krypto-
fix for K*) and to increase the solubility of the whole
system in organic solvents. The second characteristic feature
of these processes is low concentration of ['8F]F—, which
also imposes certain limitations on the choice of reagents
and conditions for substitution.

While considering fluorination of catecholamines, we
should note that a key feature of classical nucleophilic
reactions to introduce a fluorine atom into an aromatic
ring is the necessity for both activation of the ring, e.g., the
presence of strong electron-withdrawing substituents, and
the presence of a highly nucleofugal group, which is usually
located in the ortho- or para-position to the activating
function. The fluoride anion attack is directed at this
position bearing the leaving group. The difficulty of appli-
cation of the classical approach is that it is synthetically
fairly difficult to introduce an activating and directing,
highly electron-withdrawing group and a leaving group
into L-3,4-dihydroxyphenylalanine and dopamine molecules
and to effectively remove the activating and directing group
after the nucleophilic substitution, even in the presence of
electron-withdrawing protecting groups (e.g., ester and
amide groups).

The main nucleophilic substitution reactions employed
for the introduction of '8F into aromatic compounds have
been described in detail in a number of reviews (see, for
example,®8- 104-109) Tn the first part of this Section, we will
consider the most important issues that are directly asso-
ciated with the introduction of '8F into catecholamines and
phenols or can serve for this purpose.

Scheme 3 depicts the nucleophilic introduction of the
fluoride anion into an aromatic molecule activated towards
nucleophilic substitution. This process is efficient in the
presence of an activating group (AG in Scheme 3), usually
in the para-position to the leaving group; electron-with-
drawing substituents traditional for SyAr reactions such as
nitro, carbonyl, cyano and trifluoromethyl substituents are
employed for this purpose. The second structural moiety
that must be present in the starting compound is the leaving
group (LG in Scheme 3). The applicable leaving groups are
both the halogen atoms and nitro group traditional for
organic synthesis and less frequently encountered positively
charged potential nucleofuges: trialkylammonium,''? aryl-

AG AG !
; : LG

R R

Scheme 3

AG = NO2, RC(0O), CHO, CN, CF3; LG = |, Br, F, NO2, *NRs,
*IAr, *SMey, N7, SnR3
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iodonium,''! dimethylsulfonium !> and diazonium !13.114
(Balz—Shiemann reaction).

Before describing the methods for introduction of '8F
into catecholamines known from the literature, we will
briefly consider the preparation of '8F-phenols. We do not
discuss the introduction of '8F by nucleophilic substitution
reactions of fluoroalkyl derivatives with good leaving
groups on treatment with phenoxide anions (see, e.g.,
papers 15— 120 and reviews '21). We also do not consider in
detail the displacement of good nucleofuges by fluoride ions
in carbonyl-activated aromatic substrates followed by the
Baeyer— Villiger reaction [Scheme 4; the radiochemical
yield (RCY) reaches 65%]'22- 124 or by Pd-catalyzed decar-
bonylation in the case of aldehydes.!?>

Scheme 4
C(O)R C(O)R OH
1) mCPBA,
['8F]KF, K 222 [CF3C(0)120
B —_—
DMSO, 2) KOH
120-130°C 3)H3O0*

NO2

(=)

R = H, Me, Ph; mCPBA is meta-chloroperoxybenzoic acid

)

Scheme 5 summarizes the known methods for the intro-
duction of '8F into phenol molecules. They include early
studies on demercurofluorination,!?¢ 127 Balz—Shiemann
reaction 1?® (RCY does not exceed 33%; complicated iso-
lation processes),'?® fluoride ion substitution in the iodo-
nium salts of protected phenols 39132 (by comparison of
RCY, it was found that the yields are 5—6 times higher with
diaryliodonium salts than in the case of diazonium salts 133),

OH Scheme 5
F
2 OH
HF R
OH
* NMes
HoN
['8FIF ~
COzH ['8F]F - But
[O]
OH OH OMe
["8F]ACF ["8FIF -
—_—
Cu(0Tf),

HgOAc @ SnR3/B(OR)2

['8F]Selectfluor

[FIF -
['FIF -

? &

Het/Ar —I*

OH

SnR3

Tf = CF3SO;

substitution in ammonium salts,!3* electrophilic®”- 135 or
copper-catalyzed 13¢ destannofluorination, and one of the
most advanced approaches: oxidative fluorination of p-tert-
butylphenols (see below).!37 Special mention should be
made of the electrophilic ortho-fluorination of tyrosine in
acid medium with molecular fluorine (see the frame in
Scheme 5).138

Another way of using diazonium salts is the Wallach
reaction 3% in which they are formed as intermediates on
treatment of 3,3-dialkyl-1-aryltriazenes with a strong acid.”®
The thermal decomposition of the diazonium salt (formed
in situ from triazene) in the presence of ['3F]F— gives the
corresponding radioactively labelled arenes (Scheme 6).!4°
It is noteworthy that despite the short duration of the
process (15—20 min), the yields of fluoroarenes do not
exceed 50%; therefore, this method cannot be considered
as promising for the preparation of fluorinated CAs.

Scheme 6
N=N—N @

An absolutely new approach to fluorination of non-
activated aromatic rings is substitution in phenol fluorosul-
fates (Scheme 7). Despite the impressive results for most
substrates, in the case of p-methoxyfluorobenzene, the yield
is only 6% and the reaction time is 24 h; therefore, this
approach can be considered unacceptable for the prepara-
tion of labelled phenols.!4!

Scheme 7

F

R o—t=0 [Fmenr R @
I DMF, 24 h e
(6]

R = H, 4-Ph, 4-CN, 4-Bz, 4-NO3, 4-Cl, 2-CN, 3-CN, efc.

A similar result, that is, long reaction time with the same
nucleophile, was detected upon fluorination of non-acti-
vated aromatic halides.!¥?> Presumably, the reaction pro-
ceeds via an aryne intermediate, which apparently accounts
for the long reaction time (Scheme 8). The exchange of
bromine in o-, m- and p-bromoanisoles requires 12 h of
heating in DMSO at 110 °C.

Recently, Gouverneur’s research group 37 discovered
the oxidative fluorination of  p-trert-butylphenols
(Scheme 9).

Scheme 8
Me4NF Me4NF
DMSO DMSO
105 °C 105 °C

ﬂ“o‘

(40%) (60%)
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Scheme 9

HO ['8F]F—, PhI(OAC)2 HO O
_— >
But CF3C02H @

R R

R = H, 2-Me, 2-But, 2-Ph, 2-Bz, 2-Br, 3-Me

For this method, it is crucial that a hydroxyl substituent
be present in the para-position to the tert-butyl leaving
group. According to the assumed mechanism, the reaction
passes through a quinoid intermediate (Scheme 10). The
authors called the new approach the ‘substrate umpolung
strategy’, as the oxidized phenol form has highly electro-
philic properties, unlike pristine phenol.

Scheme 10

OH 0 OH

["8F]F—, PhI(OAC)2 ‘ O
LPFIF~, Phi(OAC)2
1.5% CF3CO2H,

But CH.Cly, rt, 10 min But @
(RCY: 8% —26%)

10% CF3CO2H
rt, 10 min

In the past five years, copper-catalyzed introduction of
fluorine into boronic esters has been widely used (Sche-
me 11).143 Suitable substrates are phenol ethers,!** which
are subsequently easily dealkylated. This process obviously
deserves close attention, as it is one of the most probable
future methods for the synthesis of commercially available
fluorinated catecholamines (see below).

Scheme 11
["8FIKF, K222,
(\) [Cu OTf)2(Py)4]
or
B\O B DMF 110 °C,
e 20 min

Py is pyridine

A recent publication 43 describes a new approach to the
introduction of '8F into aromatic rings via nucleophilic
substitution: the authors were able to use a highly nucleo-
fugal sydnone substituent as the leaving group (Scheme 12,
RCC is the radiochemical conversion).

The yields of radioactively labelled compounds are high;
however, this approach is applicable only to electron-
deficient aromatic substrates; indeed, for the para-
methoxy-substituted arylsydnone, a potential precursor of
p-fluorophenol, the RCY was 0%.

Special mention should be made of two publications
that are not formally devoted to the introduction of '3F into
the phenol aromatic ring, but are of interest as regards the

_ Scheme 12
(0]
(0]
\
//N [18F]F—
Et4NH003

DMSO, 150 °C,
5 min

R RCC (%) R RCC (%)
H 78+3 CN 92+1
CF3 96+ 2 Me 93+2

potential application. The results of deiodotrifluoromethy-
lation of iodoarenes, including phenol and its ethers and
esters, have been reported '#¢ (Scheme 13).

Scheme 13

OR?
R? CIF.CCOMe,  R2
Cul, TMEDA
— >
['®FIKF, K222,

DMF, 150 °C,
20 min

OR!

or.(e)

(RCY: 5% —55%)

R' = H, Me, Ac, Piv, Bn; R2 = H, OMe; Piv is pivaloyl,
TMEDA is tetramethylethylenediamine

The reported 146 RCY indicate that this reaction is of
low utility for pristine phenol, while it can be quite appli-
cable for ethers, which are readily converted to unsubsti-
tuted phenol.

The authors of the second study describing the intro-
duction of the ['F]F;C group into aromatic substrates '47
employed, apart from deiodotrifluoromethylation, the
introduction of the trifluoromethyl group into the boronic
acids; in this case, the yields were much higher (Scheme 14).

Scheme 14
. 1) CulBr, BUtOK . Arl, 130 °C,
o b _DELN-3HF - c 10minor
DMF, 20 °C, 2 min F Y ArB(OH),, air,
F F 20°C, 0 min
OR
—

cr:(o6)

(RCY: 13%—-94%)

Ar = 4-RCgH4 (R = H, Me, Ac)

Recently, a unique study devoted to the direct conver-
sion of phenols to aromatic fluorides has been published
(Scheme 15).148
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Scheme 15
[=\ €
Ar/NYN\Ar
0, ¢
S o AN

R = 4-CN, 4-CF3, 4-CHO, 4-C(O)NHz, , efc.

This unusual transformation may be carried out for
phenols containing either electron-withdrawing or elec-
tron-donating substituents R and for unsubstituted phenol.
A key feature of this substitution, which distinguishes it
from the classical addition —elimination, elimination—addi-
tion and elimination processes, is that the C—O bond
cleavage and C—F bond formation occur synchronously
(Scheme 16, the structure of the salt-like intermediate was
proved by X-ray diffraction). The reaction can involve a
broad range of substrates, including heterocycles. However,
the application of this reaction to the synthesis of fluori-
nated catecholamines has not been described as yet.

Scheme 16
OH [~ \+ HFy

T Ar— NY N~ar
CsF

—_—
0\© —CsHF,

/N><N ~Ar
F F
PhenoFluor™

+ Ar

- Ar ’
Ar— N ><N\Ar N/
F. .
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F
- + _N N—
Ar \H/ Ar
(6]

Thus, the above brief analysis reveals considerable
difference between the protocols for introduction of '8F
into phenols and the classical nucleophilic fluorination of
activated aromatic substrates.

o] o]
PG Y PG

ZT

TCu/Pd—Cat

Scheme 17 depicts general approaches to the prepara-
tion of '¥F-labelled 6-fluorine-substituted L-3,4-dihydroxy-
phenylalanine and dopamine. The possible precursors used
in the syntheses of these RPs are mercury derivatives !4
(now barely used), diaryliodonium salts!'5® (see Sec-
tions 3.2.1 and 3.3.1), organotin compounds'3!:152 (see
Section 3.1.2), organoboron compounds!3? (see Section
3.3.2), nitro derivatives '3# (see Section 3.2.2), arenetrialkyl-
ammonium salts 1% (now barely used), nickel '35 and palla-
dium 1°¢ organometallic compounds (see Section 3.3.3) and
proper dopamine '37 and L- DOPA 38 (see Section 3.1.1).

This part of the review addresses the key approaches to
the synthesis of !3F-labelled 6-fluorodopamine and
L-FDOPA. The latter does nor formally belong to the
class of catecholamines, but can be a precursor or inter-
mediate in their synthesis. In view of the fact that practical
application of ['"8FJFDOPA has received much more atten-
tion and, hence, there are special reviews dedicated only to
the synthesis of ['8FJFDOPA,!>%- 160 we arranged the mate-
rial as a comparison of approaches to the synthesis of
[ FIFDOPA and ['®F]FDA with indication of benefits and
drawback of each method. The subsections are arranged in
terms of the fluorination mechanism: electrophilic (Sec-
tion 3.1), nucleophilic (Section 3.2) and metal-catalyzed
(Section 3.3) reactions.

3.1. Electrophilic methods for introduction of fluorine atom
into catecholamines

3.1.1. Direct fluorination of dopamine

and L-3,4-dihydroxyphenylalanine

Chirakal et al.'7 presented a method for direct fluorination
of commercially available dopamine hydrochloride at
reduced temperature (— 65 °C) with gaseous ['®F]F, gener-
ated immediately before being fed to the reaction medium,
which contains dopamine hydrochloride, boron trifluoride
and hydrofluoric acid (Scheme 18). This affords a mixture
of isomers (25% of 2- and 5-isomers and 46% of 6-isomer;
other radioactive components of the reaction mixture have
not been identified); the 6-fluoro derivative is isolated by
column chromatography in 10% +2% RCY.

L-DOPA can be fluorinated under similar conditions '8
(Scheme 19). Fluorine gas ['8F]F2 (0.5% in neon) is passed
through the reaction vessel at —65 °C. This gave a mixture
of 2-, 5- and 6-fluoro derivatives in chemical yields of
12.0%, 1.7% and 21.0%, respectively.

The use of ['8F]F, as a fluorinating agent is a rapid
method for the introduction of fluorine; however, it is
rather expensive and not sufficiently selective. Indeed,
these reactions give a mixture of 2-, 5- and 6-isomers,

Scheme 17
H
N

(6]
“pE SWAT PG ~pg'
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Y Y
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Scheme 18
NH3CI

['8F]F2

_ >
(HF)x

HO
OH
NH3CI NH3CI NH3Cl

H

DOV ®
HO HO HO

® "

OH OH
(RCY: 8% —12%)
Scheme 19
O§ OH
NH
[18F]F2
(HF)x
HO
OH
O§ OH O§ OH O\ OH
NH>

O
H

which have to be separated by chromatography; this con-
siderably reduces the preparative value of the method both
for dopamine and DOPA.
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Scheme 20

[8F]ACOF
- =

One more method for electrophilic introduction of a
fluorine atom into the aromatic ring of DOPA is the use of
acetyl hypofluorite in the case of carbonyl-protected
hydroxyl groups and o-amino acid moiety (Scheme 20).!°!

The protecting group is introduced in the first step on
treatment with phosgene, and fluorination proceeds regio-
selectively at position 6. The deprotection occurs on treat-
ment with acid.

The yields and regioselectivity of fluorination of various
protected L-DOPA derivatives with acetyl hypofluorite
proved to be unsuitable for practical application.'# Indeed,
the RCY does not exceed 8% and the reaction regioselec-
tivity is very low: the ratio of 2-, 5- and 6-fluoro isomers
varies from 45:0:55 to 11:3:86.

3.1.2. Tin-containing precursors in the electrophilic fluorination
For selective introduction of a fluorine atom in catechol-
amine position 6, most remote from two hydroxyl groups,
which are important for biochemical properties of catechol-
amines (the biological action of 2-, 5- and 6-fluorodop-
amines 7 and 2- or 6-fluoro-DOPA 4%-162 is known to
differ), it is necessary to direct the fluorination, in some
way, exactly in this position. This is usually attained by
preliminary introduction of some group in position 6, which
is then displaced by a fluorine atom.

A classical directing and leaving group is the trialkyl-
stannyl group.'3- 164 Namavari er al.'% described a method
for the preparation of 6-fluorodopamine via the formation
of a 6-iodo derivative and replacement of iodine by the
trimethylstannyl group on treatment with hexamethylditin
in dioxane (Scheme 21). Next the SnMes; substituent is
replaced via electrophilic substitution by a fluorine atom
on treatment with oxygen fluoride, F> gas in helium or
acetyl hypofluorite.

A key drawback of using fluorine is the experimental
difficulty of ['®F]F> generation and low specific activity of
the '8F generated using a gas target, which should contain
stable fluorine gas. Nevertheless, this approach is used most
widely for the commercial synthesis of ['*FJ[FDOPA.

Employees of the PET/CT centre in Turku (Finland)
proposed a method for introducing '8F into the DOPA
molecule, providing relatively high (>1 GBq umol—1!) spe-
cific activity of the specimen, which can be used to diagnose
several patients. The approach is based on the generation of
['8F]F> from nucleophilic ['8F]fluoride produced in the
water target on a cyclotrone. In the first step, ['8F]fluoride
is converted to ['8F]fluoromethane via nucleophilic radio-
fluorination of methyl iodide in the presence of Ksz in
acetonitrile. The ['8F]fluoromethane thus formed is mixed
under electric discharge with a minor (1 pmol) amount of
the carrier gas (Ne/0.5% F»), and ['®F]F2 is formed via the
I8F/19F isotope exchange reaction (Scheme 22).16¢

A modified procedure for the synthesis of ['SFJFDOPA
(20% £3% RCY) has been recently reported by Russian
researchers.!®7 The distinction from the above protocol is
that CDCls is used as the solvent in the fluorination step at
—20 °C.

One more possible leaving group is a silver atom, which
is replaced by a fluorine atom on treatment with ['8F]Select-
fluor bis-triflate (Scheme 23).168

A unique '8F-labelled reagent, Selectfluor bis-triflate,
has been recently developed by Finnish and French
researchers;'%® the method for its synthesis is presented in
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Scheme 21
MeO NHC(O)CF3 NHC(O)CF3
@/\/ [CFBC(O)]ZO :©/V [CF3002|] II\/ BBrs
MeO
NHC(O)CF3 NHC(O)CF3
( MeGSnz
_ >
Pdo
BocO
BocO NHC(O)CF; F2, 0r OF, BocO NHC(O)CF3 NHC(O)CF3
ﬁ\/ OI’ ACOF ﬁ\/ :@f\/
BocO SnMes BocO
Boc = ButOC(O)
Scheme 22
Mel, MeCN
['8F]F - (aq) —— > ['8F]MeF
K222, K2CO3
F2/Ne
SnMes ;7 @ ‘O
['8FIF2
NHCHO ~ Freon-11, Moo 130°C.5min
BocO AcOH BocO
OBoc OBoc
ﬂ ven cl Scheme 23
o [N 2TfO~
1) NaOH (1.2 equiv.),
)lv|eOH,(rt,3r(14 ) o F MexCO-ds
HBoc
2) AgOTf (3.0 equiv.), NHBoc AgOTf (2.0 equiv.),
0°C, 30 min rt, 20 min
MeO
47% HI
HBOC 130 °C, 15 min NH2
(RCY: 7%—31%
Scheme 24 Scheme 25
ﬁCl
—Cl ["8FIF>, cl -
Aﬁ Lot N o [NJ 2TfO
TfO~ Mezco ds, 2TfO~ + ['8F]LiF BocO F Mezco de
—10°C,30s
NHCHO AgOTf rt, 20 min
@ BocO SnMes
Scheme 24; the ['8F]F, gas required for the synthesis is BocO
generated by the method described in Scheme 22. 48% HBr (aq.)
Stenhagen et al.'®® compared the efficiency of using BocO NHCHO 130°C,5min
boron- (see Scheme 23) and tin-containing precursors
(Scheme 25) transmetallated on treatment with silver tri-
flate prior to fluorination; both approaches were found to
give equivalent results.
The approaches to the synthesis of ['SFI[FDOPA pre- NH
sented in Schemes 23 and 25 refer to the newest synthetic 2
rgutgs to radiopharmaceuticals l;)asgd on electrophilic fluo- (RCY 8.6%—15.8%)
rination and deserve keen attention in the future.
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3.2. Nucleophilic methods

As noted above, the preparation of a ['F]F — solution is the
most feasible and technically convenient. Hence, an impor-
tant area of research comprises SNyAr type reactions with
appropriately selected leaving groups, which are displaced
by the fluorine atom. Since one deals with electron-excessive
aromatic systems, the leaving group should be a very good
nucleofuge. This condition is met for many charged groups,
which are listed in Scheme 3; however, not all of them have
been used in the synthesis of '8F-labelled fluorocatechol-
amines. Below we consider methods for displacement of the
leaving groups by ['8F]F as applied to the synthesis of
[' FIFDOPA and ['8F]FDA.

3.2.1. The use of iodonium salts and iodonium ylides

An obvious problem associated with the use of diaryliodo-
nium salts (Ar—IT —Ar’) in the preparation of fluoro
derivatives (ArF) is to direct the substitution to one of the
aromatic rings. A possible solution to this problem is the
targeted use of electronic and/or steric properties of aro-
matic or heteroaromatic substituents Ar and Ar’.

The assumed mechanism of fluoride ion nucleophilic
substitution into diaryliodonium salts is shown in
Scheme 26.16°

The reaction can be directed into a particular aromatic
ring by using steric (sterically hindered derivatives 179) and
electronic factors (thiophene type donor heterocycles '71).

X Scheme 26

+\\\\\\\‘
G

R

| PeFIF

# #
18Fa7 18,_56—
R
R
Preferable TS J

LAl

TS is transition state

Methods for the synthesis of ['8F]JFDOPA using diaryl-
iodonium salts are known (see reviews '3%-172). For example
diaryliodonium triflate undergoes the ion exchange reaction
with fluoride to give the corresponding '8F-labelled fluo-
ride, which decomposes on heating in non-polar solvents to
['*FJFDOPA (Scheme 27).!7> However, RCY does not
exceed 14%.174

A similar approach is utilized to prepare ['8F]6-fluoro-
dopamine (Scheme 28).87

Scheme 28
MeO N(Boc),
1) ["8FIKF, K222
. 2) MeCN
MeO " ot 3) PhMe

OMe

N(Boc)2
) .
()

(RCY: 40% —45%)

MeO

—

MeO
OMe

Fluorination of neutral iodonium ylides deserves special
attention, as the electronic structures of these compounds
allow for regioselective reactions.!?%-175  Fluorination
involves only the aromatic ring and does not affect the
diketone moiety; arene (ArH) formed in a competing radical
process is the major side product (Scheme 29).

Scheme 29
(0]
od
_ . KF, Koz, DMF
> " 2 AfF + AH
o) | 130 °C, 15 min
N\ Ar
(0]

Ar = Ph, 4-M606H4, 2,4,6-Me3CGH2, 2-MeOCeH4, 3-MeOCeH4,
4-MeOCaH4, 4-BFC5H4

This approach was used for the
['*FJFDOPA (Scheme 30).!7¢

The results obtained in recent years, in particular,
advances in the use of iodonium precursors and iodonium
ylides, convincingly demonstrate good prospects of the
development of this approach to the synthesis of
['|*FIFDOPA and ['8F]FDA.

synthesis of

[8F]TBAF
_— >
MeCN

OBoc

Scheme 27

diglyme
130 °C, 20 min
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1) EtOH, HCI
2 BOC)QO Et3N

Scheme 30

I, (Boc)20, 4-dimethyl-

;@/\‘/COZH _omF " BocO COEt phipoc(0)cFs, BOCO COEL aminopyrigine
NHB NHBoc
BocO o BocO
L-O®A
BocO COzEt
BocO CO2Et 0
\ + NHBoc
BocO COAEt >< 1o o/ BocO | o° [PFIKF, Koz
0C
(Boc)  AOH  Boco PN (Boo): o)f\o
BocO AcO” OAc P
= X,
BocO COEt CO.H o o
Hol
NHBoc
BocO NHBoc

3.2.2. Introduction of the fluorine atom at different synthetic stages
Fluoride anion SNAr substitution for the nitro group is one
of the most widely used and accessible methods for the
introduction of fluorine into aromatic substrates;!77-178 in
particular, the reactions can be carried out for ['SF]F—
(Ref. 179 and 180). Two strategic approaches should be
distinguished: the first one is based on the initial nucleo-
philic introduction of a fluorine atom into a readily acces-
sible precursor, which is then converted to the final
fluorinated catecholamine; the second is based on the

0\ 0\
(6]
["8FIKF, K222 O
_ >
@
CHO CHO

MeN02
NH4OAC AcOH

displacement of nitro group from the already synthesized
catecholamine (see Section 3.2.3).

The first approach is exemplified by the syntheses of
['| F]JFDA (Ref. 181) and racemic ['*F]JFDOPA (Ref. 182)
(Schemes 31 and 32, respectively).

Krasikova, Belokon and co-workers 189-183 developed a
general method for the synthesis of [8F]IFDOPA
(Scheme 33). The key step is asymmetric alkylation of a Ni
complex.!84

Scheme 31

L|A|H4 HI, H3P02 ./t
. _NO>

(RCY: 20%;
overall time: 105 min)

Scheme 32
CHO
~ NH
RO ‘ RO N RO
Ph

(a) ['8F]KF, Ka22, DMSO, 130135 °C, 20 min; (b) 2-phenyloxazol-5-one, DABCO, EtOH, 140—145 °C, 10 min; (c) HI, red phosphorus,
220-235 °C, 15 min; R = Me; R—R = CHy; DABCO is 1,4-diazabicyclo[2.2.2]octane

Scheme 33

RO
:@\/*o ['8F]F — fluorination
- >
RO LG

Hal asymmetric alkylation

RO < RO
O O  reduction O OH  halogenation
—_ > — " >

COzH COzH

hydrolysis
—_—
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Scheme 34

1) sorption on tC1g

MeO
e >0

Ue

1) HI, 180 °C, 15 min
2HPLC

['8FIKF, K222
-
DMSO

MeO e
i
MeO NMes

TfO~

MeO ;‘
MeO

MeO

2) NaBHg, rt, 2 min
3) HI, rt, 2 min

HO,C NH> MeO
MeO
HO O O
MeO 7z
Cat = N +
@ e Sl
MeO

MeO cat,
| toluene elution Ph2C=NCHBut
KOH (9 M), PhMe,
MeO @ rt, 5 min

CeH2F3-3,4,5

Bun
Br—

CeH2F3-3,4,5
MeO
tC18 is a silica gel-based hydrophobic phase with enhanced hydrolytic stability
Scheme 35
O Me3SiCN, O 1) HCO2H
[18F]KF Koo anz LIA|H4 2) HPLC
S|M93

B-tyrosinase, NHs3, Scheme 36
pyruvate, pyridoxal-

MeO CHO MeO CHO D RNCI(PPhs)s  MeO 5'-phosphate, HO COH

:[;[ [18F]F - O 2)HI O ascorbate O
T - NH
MeO NO, MeO MeO Tris-HCI HO 2

()

One more possible leaving group in the first step of the
['SF]JFDOPA synthesis is trimethylammonium (Scheme 34).
According to the method developed by Lemaire and co-
workers,!85 the displacement of the trimethylammonium
group by fluorine is followed by reduction of the activating
aldehyde group, and the benzyl alcohol thus formed is
converted to benzyl iodide; the asymmetric alkylation of
prochiral Schiff base (Ph,C=NCH,Bu") with this benzyl
iodide catalyzed by the chiral ammonium salt (chiral phase
transfer catalysis, CPTC) results in the protected
[ FIFDOPA.

The authors report high activity for the obtained speci-
men: >45 GBq, with the starting ['8F]fluoride activity
being 185 GBq. Thus, this method, which was fully auto-
mated using a synthetic module, can be assigned to the most
highly productive ones.

This strategy was applied to obtain racemic ['8F]6-fluo-
roadrenaline (Scheme 35).186

An original approach developing this strategy is the use
of enzymes for functionalization of the '8F-labelled fluori-
nated precursor (Scheme 36).'87 The preparation of
['*FJFDOPA by this method includes nucleophilic displace-
ment of the nitro group by radioactive fluoride followed by
Rh-catalyzed decarbonylation of the aldehyde function and
removal of the methoxy protecting groups by treatment
with hydroiodic acid. The resulting ['3F]4-fluorocatechol is

reacted with pyruvate and ammonia with the B-tyrosinase
enzyme as a catalyst.

3.2.3. Displacement of the nitro group at late synthetic steps

The second approach is described in a single publication of
2016 devoted to the synthesis of labelled N-octanoyldop-
amine.'3* 6-Nitrodopamine was prepared from dopamine
hydrochloride and sodium nitrite in acidic aqueous medium
on cooling 134159 (Scheme 37).

Scheme 37

o NH, N0z i NH,*0.5H;S04
2S04
j@/\/.H(n N ﬁ\/
0°C
HO HO NO

2

After that, the authors '** introduced the octanoyl group
to the nitrogen atom; however, this was done in an unusual
way: first both hydroxyl groups and the amine group were
acylated with excess caprylic acid chloride, and then both
esters were hydrolyzed by alkali. The 6-nitro-N-octanoyl-
dopamine thus formed was reacted with radioactive fluo-
ride, which substituted the nitro group (Scheme 38).
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Scheme 38

['8F]KF, K222, K2CO3
DMSO, 120 °C, 30 min

H

Hoﬁ\/ N YC7H15-T‘I
\

HO NO °

T
@)

(RCY: 45%)

C7H15-n

The researchers '3 do not propose a mechanism for this
unusual reaction; however, chemical and biological data
they obtained leave no doubt that the fluorine isotope is
actually present in position 6 of N-octanoyldopamine.

3.3. Metal-catalyzed and metal-promoted fluorination
methods

Metal-catalyzed fluorination is applied to substrates that do
not undergo classical SNAr reactions.

3.3.1. Diaryliodonium salts

A fundamental difference between the reactions of
diaryliodonium salts with the mesityl group (Mes =
2,4,6-Me3CgH») as a component and the reactions consid-
ered above in Section 3.2.1 is the course of fluorination in
the presence of copper salts. Without copper salts, the
fluorine atom mainly enters the mesityl ring, while in the
presence of copper salts, the reaction gives fluorobenzene in
almost quantitative yield (Scheme 39).188

Scheme 39
BF,
‘¢, Me ['8FIKF (1.1 equiv.),
| [Cu] (20 mol.%)
©/ DMF, 60 °C
Me Me
— )@
|
[Cu] Time /h Additive Yield (%) I:1I
(BUtCN)2CuOTf 18 - 71 96:4
Cu(OTf)2- CeHe 18 - 57 96:4
Cu(OTf)2 18 - 85 98:2
Cu(OTf)2 3 18-crown-6 81 97:3
— 3 18-crown-6 30 20:80

Using this method, protected ['8FJ[FDOPA was rapidly
synthesized in good chemical and radiochemical yields
(Scheme 40).'!!

In the case of dopamine, this approach is fairly promis-
ing. Indeed, a comparison of three methods for ['SF]JFDA
synthesis, namely (1) nitro group displacement followed by
growing of the aminoethyl substituent,'8? (2) thermal sub-
stitution in diaryliodonium precursors 3! and (3) copper-
catalyzed fluorination of mesityliodonium substrates,'?°

Scheme 40
+ -
IMes BF, @
18FIKF,
CO.Me {Cu]] COMe
—_—
NHPiv 20 min NHPiv
MeO MeO
OMe (RCC: 31%)
Scheme 41
1) o\ 1) ['8FIKF, K222
O 2) MeN02, NH4OAC,
HOAc
3) LiAlH4
O2N 4) HI, H3PO, @
H
CHO (RCY: 20%)
2) -oTf N(Boc)z

(RCY: 23%)

(a) 1) ['8F]KF, K222, MeCN, 90 °C; 2) PhMe, 130 °C, 20 min;

3) HI, 140 °C, 8 min
:‘QHz

(RCY: 46%)

3 4-MeBzIO
4-MeBzIO

BF; NPhth
! " IMes

(a) 1) ['8F]F — elution; 2) MeOH evaporation; 3) [(MeCN),CuOTf],
DMF, 85 °C, 20 min; 4) N2H4 - H20, EtOH, 100 °C, 50 min;
5) 54% HI, 130 °C, 10 min; NPhth is phthalimido,
4-MeBzl = 4-MeCgH4CH>

indicates good prospects for copper-catalyzed conversion
of mesityliodonium precursors (Scheme 41).

3.3.2. Use of boron-containing precursors

An up-to-date approach to the introduction of a fluorine
atom into the aromatic ring is copper-catalyzed fluorine
substitution for a boron group.!43 This method was success-
fully used to prepare ['SF]JFDOPA (Scheme 42).1°0 The
deprotection was accomplished at the final step by treat-
ment with hydrogen iodide.

The mechanism of copper-catalyzed cross-coupling of
arylboronic esters to give the carbon—heteroatom bond,
known as the Chan—Lam reaction,'®! includes reductive
elimination, disproportionation and oxidation (Scheme 43);
the two last-mentioned processes are characteristic of the
redox chemistry of copper.
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Scheme 42
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- =
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T

Scheme 43
HOB(OMe), + Cu"Xz
ArB(OMe),
0.50, +HX+ Cu'X,
XB(OMe), + Cu'X
|
Cu'X [CuX2- ArB(OMe);]
1]
ArOMe + HX
XB(OMe
" ( )2
Cu"(AnX
MeOH
Cu''(Ar)Xz m
Cu'X Cu''X;

I,Ilis transmetallation, 11l is disproportionation,
IV is reductive elimination, V is aerobic oxidation

3.3.3. Nickel and palladium complexes as nucleophilic fluorination
substrates
A separate trend in the preparation of radiolabelled DOPA
and FDA is the application of pre-synthesized metal com-
plexes with the Ar—M bond.!3>

It has been shown 137 that conversion of the Pd complex
to fluoroarene can be accomplished by both electrophilic
and nucleophilic fluorinating agents (Scheme 44). The
mechanism of the latter reaction implies the involvement
of Pd —F-bonded intermediates

A similar approach was used to convert the Ni complex
to the target fluoroarene under the action of iodonium salt 1
as an oxidant (Scheme 45).155

An important feature of using nickel complexes is the
possibility to conduct fluorination in aqueous medium. The
protected ['®F]JFDOPA derivative 2 can be prepared in
RCY of 15% £ 7% (Scheme 46).153

F

cl
44
NS/ 2BFF

Scheme 44

‘ electrophilic fluorination

‘ nucleophilic fluorination

2+

= /i NG\
/—N Pd/N\N
—=~n—"d N - [ N/‘ T~
< L Ty T S Y
/N\N/BfN - z \N/B‘*N =~
2TfO~ ii/ ‘ 2TfO /\_/ N<
N\N N
W \
Scheme 45

TBAT (1.5 equiv.),

1 (1.5 equiv.)
—_——>»

MeCN, 0 °C, 1 min

/©/Ph
F

Ph X 2TfO~
»
TBAT is tetra-n-butylammonium 'Tl
triphenyldifluorosilicate; 1= ®=
/N
S
OMe
Scheme 46
BocO Me ["®FIF (aq.), 18-crown-6
NHBoc 1, MeCN, 23 °C, <1 min
BocO [Ni]
/,
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2 (RCY:15+7%) 02N
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The proposed approach was successfully used to synthe-
size both ['8F]FDA and ['® F]JFDOPA (Scheme 47).192 After
deprotection, the radiolabelled products were formed in
relatively high RCY.

Scheme 47
NHBoc
3
['8F]KF, 18-crown-6
- .
oxidant, MeCN,
rt, 5 min
R2
['8F]FDOPA
(RCY: 7%)
R R? HCI (aq.) (12 M)
aq.
R O a A ['8FIFMT
R NHBoc 130 °C, 5—10 min (RCY: 5%)
E ['8F]FDA

(RCY: 12%)
For ['"8F]FDOPA: R" = R? = OBoc, R® = CO;Me;
for ['8F]FMT: R" = H, R? = OBoc, R® = CO,Me;
for ['8F]FDA = R' = R? = OBoc, R® = H;
FMT is 6-fluoro-m-tyrosine

4. Conclusion

A key problem of the synthetic and medicinal chemistry of
fluorine compounds is the preparation of derivatives con-
taining a fluorine atom or a fluorine-containing group in a
strictly specified position of the molecule (with atomic
precision 1°3). Owing to the considerable progress in the
selective fluorination, trifluoromethylation and introduc-
tion of small fluorinated groups into the target structure,
solution of many practical tasks has substantially moved
ahead.

Despite the vigorous development of selective fluorina-
tion with the natural fluorine isotope, the preparation of
RPs based on dopamine and L-DOPA, which are most
promising for the preclinical PET/CT diagnosis of neuro-
endocrine tumours and neurodegenerative disorders,
requires new approaches. Indeed, the key clinically used
method for the preparation of ['8F]DOPA is fluorination of
the trimethylstannyl precursor with molecular fluorine.!?* It
is known that ['8F]FDA is often more sensitive and efficient
for detection of various types of NETs compared with the
RPs used in clinical practice. The PET/CT diagnosis with
['8 F]FDA has high sensitivity to both primary tumours and
metastases and high specificity. However, ['8F]FDA is still
available only as an experimental imaging radiopharma-
ceutical at the US National Institutes of Health.!%*

The above analysis of the synthetic approaches leads to
the conclusion that reactions that utilize the nucleophilic
properties of the fluoride anion are most promising for the
introduction of a fluorine atom into dopamine and
L-DOPA molecules; from the standpoint of convenience of
laboratory synthesis, most attractive substrates are diaryl-
iodonium salts, iodonium ylides and boronic acids. How-
ever, for commercial application, it is necessary to take into
account the radiochemical yield; the possibility to obtain

several clinical doses in one synthesis; and commercial
availability and stability of precursors, both activated
aromatic substrates and fluorinating reagents. At the
present stage of development of methods and protocols for
catecholamine radiofluorination, the asymmetric alkylation
using chiral phase transfer catalysts!®> and copper-cata-
lyzed fluorination of boronic esters 43195 should be con-
sidered as most promising.

One more modern trend of development of fluorinated
pharmaceuticals is the targeted use of the specific behaviour
of the fluorine atom in organic molecules; fluorine behaves
as a chameleon atom capable of changing its electronic
properties depending on its position in the molecule.'*® The
knowledge of these features is needed for considering the
interaction of a fluorinated agent with a biological object;
here it is pertinent to quote a publication of Miiller ef al.,'®7
which reads: ‘exploration of the specific influence of car-
bon—fluorine single bonds in docking interactions, whether
through direct contact with the protein or through stereo-
electronic effects on molecular conformation of the drug,
has only recently begun’. This is very important for the
understanding of details of supramolecular interactions of
fluorine-containing molecules with biological objects, with
fluorinated catecholamines being no exception.

Thus, upgrading of the existing methods '°® and devel-
opment of new approaches to the preparation of '8F-RPs
based on dopamine and L-DOPA are very important tasks
the solution of which would open unique opportunities for
the diagnosis of neuroendocrine tumours and their micro-
metastases as well as neurodegenerative diseases. This is
important, in particular, for the fundamental research into
the molecular mechanisms of development of cognitive
processes caused by changes in the neurotransmitter bal-
ance in the human body, which are among the main factors
determining not only quality of life, but also the survival of
patients with neurodegenerative and neuroendocrine system
diseases.

This review was written with the financial support of the
Russian Science Foundation (Project No. 16-13-00114).
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