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Introduction

Positron emission tomography (PET) studies of dopamine
transporter (DAT) availability provide valuable insights into the
presynaptic integrity of dopaminergic neurons in vivo.1–5 Several
key challenges persist in the development of DAT ligands, these
are DAT selectivity, due to close homology of the serotonin
transporter and the noradrenalin transporter, and slow equilibra-
tion of binding, caused by high binding affinity and adverse
metabolic degradation. A DAT ligand with ideal characteristics
has to be identified.6–14 Initial candidates included [11C]nomifen-
sine, [18F]GBR13119, D-threo-[11C]methylphenidate and the
tropane (1) (�)-N-[11C]cocaine (2). These suffered from low
striatum to cerebellum ratios (1.5–2.4), fast washout and low
selectivity.5,6 Despite the equipotent inhibition of DAT, serotonin
transporter and noradrenalin transporter, 2 emerged as the lead
for DAT radiotracer development regardless of its short biologi-
cal half-life and low selectivity. Substitution of the benzoate ester
by an arene moiety to afford 3-phenyltropanes (3) resulted in a
40 times longer biological half-life.15,16

Most cocaine-derived candidates share the distinctive absolute
configurations at carbons 1, 2, 3 and 5 of a mutual bicyclic tropane
((1R,5S)-8-methyl-8-azabicyclo[3.2.1]octane) scaffold (1) (Figure 1).
A variety of synthetic ligands has been developed, and a large
number of sophisticated modifications were introduced to tailor
desired characteristics.17 Progress in 18F-labelled and 11C-labelled
radiotracers have been summarised occassionally.5,18–21 This
review focuses on radiolabelling of the 3-phenyltropane scaffold
using 18F and 11C.

11C-Labelling

Substitution of a stable carbon atom with 11C provides an ele-
gant way of radiotracer development, although incorporation
of the radiolabel into a substrate should ideally be achieved in
a single synthetic transformation.22 Considerable effort has been
spent on the development of 11C-synthons starting from [11C]
CH4 and [11C]CO2.

23–25 To date, most 11C-radiotracers are
obtained by alkylation of heteroatom nucleophiles using [11C]
CH3I or [

11C]CH3OTf (Schemes 1 and 2).26–28

Although precautions have to be taken to suppress side reac-
tions and improve trapping of the synthon, a wide range of viable
J. Label Compd. Radiopharm 2013, 56 149–158
conditions for N-methylation of 3-phenyltropanes exist. These
comprise the use of an excess of precursor without any base,
inorganic bases and trialkylamines in a dipolar aprotic solvent.

(�)-Cocaine has been labelled at two sites to obtain
[O-methyl-11C]cocaine and [N-methyl-11C]cocaine.29–32 Cocaine is
hydrolysed by butyryl choline esterase (E.C. 3.1.1.8) in blood to
obtain ecgonine methyl ester and the free acid. Both metabolites
fail to enter the brain or penetrate the blood–brain barrier
(BBB).33,34 Nevertheless, [11C]40-fluorococaine (4) was briefly con-
sidered as an alternative to [11C]cocaine in an attempt to overcome
hydrolytic cleavage of the ester function.32 The most problematic
alteration of cocaine is cytochrome-P450-mediated oxidative
dealkylation of the nitrogen. The (�)-norcocaine formed by
N-demethylation penetrates the BBB, binds tomonoamine transpor-
ters and confounds reference tissue modelling.33,34 N-dealkylation
represents a major shortcoming of the 3-phenyltropane lead.11–14
O-11C-Methylation of 3-phenyltropanes

Radiolabelling via O-11C-methylation might offer distinct advan-
tages over N-11C-methylation methods. The precursors are easily
synthesised via ester hydrolysis under mild conditions, and the
resultant carboxylic acids can be separated by a simple aqueous
extraction.35

An 11C-labelled analogue of WIN 35,428 (b-CFT) 5, the gold
standard for DAT studies in molecular biology and pharma-
cology, was obtained by O-methylation of O-desmethyl-
b-CFT.36,61,104 This early study used [11C]CH3I, and multiple
Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 1. Tropane (1), (�)-cocaine (2) and 3-phenyltropane (3).
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examples of similar conditions were to follow for a variety of
3-phenyltropanes, for example, b-CMT 6 and b-CCT 7 (Table 1).38–40

Purification of the 11C-labelled products is achieved by semi-
preparative HPLC providing the radiotracers in high specific
activity and radiochemical purity. The N-(3-fluoroprop-1-yl) analo-
gue of 8, FP-b-CIT 9, was evaluated because of a faster washout
rate and higher target to non-target ratio, as established in a
preliminary 123I-SPECT (Single Photon Emission Tomography)
study.41,42 A similar observation was made with [123I]altropaneW 10,
and its much more rapid kinetic profile warranted 11C-labelling
and evaluation.43 PE2I 11, a close analogue of 10, was developed,
and 11C-labelling as well as 123I-labelling was investigated.44–46

PR04.MZ 12 was synthesised using [11C]CH3I and the carboxylic
acid precursor TFA salt in combination with rubidium carbonate
as base, to result in quantitative incorporation of 11C.47

Considerable effort has been spent to optimise the labelling
protocols for 3-phenyltropanes. In particular, substitution of
[11C]CH3I with [11C]CH3OTf facilitated synthesis of 8 under more
mild conditions. A minor modification was also employed in the
11C-methylation of FE-b-CIT 13, and few precursors were required
in a shorter reaction time.46,48 Remarkably improved 11C-methylation
yields were also reported for 11 by several groups. Despite its
appealing preliminary characteristics, the radiotracer suffered from
rapid degradation in vivo. Only 15–20% of the compound was
found intact in plasma 40-min post-injection. Shetty et al.11 identi-
fied the radiometabolites that readily entered the brain and
distributed unevenly throughout the investigated regions.
Compound 14 was derived from 11 via bio-isosteric substitution
td. J. Label Compd. Radiopharm 2013, 56 149–158
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15
of iodine by a fluoromethyl group. 11C-labelling followed a proce-
dure similar to the one used for 11.29,49 Metabolite studies sub-
stantiated similar shortcomings in terms of BBB-penetrating radio-
metabolites.12–14 Recently, 12 was prepared under GMP (good
manufacturing practice) compliant conditions using a GE TRACER-
lab FX C synthesis module, adapted to the captive solvent
method.47,50–52 Only 0.1mg of the O-desmethyl-12 TFA salt was
used. A preliminary study did not show metabolite uptake into
the rat brain.53

N-11C-Methylation of 3-phenyltropanes

Several early DAT imaging studies were conducted with N-11C-
labelled derivatives. Compounds 5, 7–8 and 15–18 were synthe-
sised via N-11C-methylation of the appropriate nor-methyl
precursors.35,39,54–58 Although individual reaction conditions
varied in between different researchers, sufficient yields in a
comparable range were obtained, highlighting the robustness
of the N-11C-methylation. Few a-epimers of the phenyltropane
class have been reported for PET, for example, the 2a-epimer
17.59 The authors obtained higher yields when the free amine
was used as precursor.

Concurrent to O-11C-methylation, the performance of [11C]
CH3OTf as labelling reagent was compared with [11C]CH3I for
N-11C-methylation of 5 and 8. In accordance with O-alkylation,
a reliable improvement of about 20% was observed within
shorter reaction times and at lower temperatures. A reduction
of the amount of labelling precursor to 0.15mg did not have
an impact on the specific activity.36–38,56 Higher specific activity
was achieved in a rare example of a gas phase conversion of
[11C]CO2 into [11C]CH3OTf for 5.61 In general, the use of [11C]
CH3OTf provided some advantages compared with [11C]CH3I. In
all reports the amount of precursor was lower, and more mild
reaction conditions were feasible. Specifically lower tempera-
tures were used, with no adverse effects on the conversion of
the radionuclide into the desired product. However, these are
well-accepted benefits of this highly reactive reagent and
entirely unrelated to the 3-phenyltropane class of compounds.
It is generally expected that most research groups will use mod-
ifications of established in-house methylation conditions.

18F-Labelling
18F provides a high positron yield, very low positron energy and
an expedient half-life allowing for multi-step reactions, commer-
cial distribution of radiotracers and convenient handling in ima-
ging studies. High specific radioactivities of >150MBq/nmol are
feasible in routine production.62–64 This allows for PET imaging of
saturable biological systems under genuine tracer conditions,
even in small animals (Figure 2).65,66

One particular driving force for derivatisation was the intro-
duction of aliphatic C–F bonds to allow for direct nucleophilic
radiofluorination.18 Few electrophilic pathways have been
described for 18F-labelling of tropanes, instead (Table 2). Direct
CopyJ. Label Compd. Radiopharm 2013, 56 149–158
nucleophilic radiofluorination is the most straightforward option
to afford the title class of compounds labelled with 18F, and
recent reports described automated cGMP compliant processes.
However, two-step procedures are equally useful. Given the
widespread availability of automated two-step procedures for a
variety of radiotracers, preference of either method will most
likely come down to available equipment and individual exper-
tise from PET centre to PET centre.

Aromatic fluorination of 3-phenyltropanes

40-[18F]fluorococaine 4 was prepared by nucleophilic aromatic
substitution from 40-nitrococaine.32 As mentioned earlier, 5 is the
most frequently used reference compound for selective dopamine
reuptake inhibitors, and [3H]5 is widely used for in vitro binding
studies. Although its structure contains a ‘native’ fluorine atom,
straightforward synthesis of 5 has been hampered by poor acces-
sibility of labelling sites for nucleophilic fluorination in electron-rich
aromatic systems. However, a number of studies using 5 synthe-
sised by electrophilic radiofluorination have been reported.49,67,68

To date only a small number of brain imaging agents targeting
saturable biochemical processes can be used in low to moderate
specific activity, in particular when small animals are studied.65,66

Nevertheless, it has been shown that tracer conditions can be
achieved using low to moderate affinity radioligands in combi-
nation with high numbers of available binding sites. This is feasi-
ble with 5 in moderate specific activity (15MBq/nmol) using [18F]
F2 made from [18F]fluoride. However, in a human PET study, peak
uptake into the striatum was achieved only after 225min, owing
to the high affinity and long plasma half-life of 5.49,67,68

In an attempt to overcome the limitations of electrophilic fluorina-
tion and to circumvent the elaborate conversion of [18F]fluoride ion
into an electrophilic fluorination reagent, an innovative radical 4-[18F]
fluoroarylation69 was employed for labelling of 4. However, under
these conditions, the 3a-epimer 19 was formed as major product,
albeit in highdiastereoselectivity. Compound19 retained an inhibition
potency similar to 4 but has not been used for PET imaging as of yet.

[18F]Fluoromethylarenes

Petric et al. considered the use of [18F]fluoromethyl-substituted
analogues of 3. The fluoromethyl derivatives 20–21 were
obtained using a direct nucleophilic labelling reaction and
evaluated.70,71

[18F]Fluoroalkylated 3-phenyltropanes

N- and O-o-[18F]fluoroalkyl 3-phenyltropane derivatives were
investigated with respect to the development of DAT-selective
ligands suitable for 18F-labelling. Their mutual characteristic is a
heteroatom bound o-[18F]fluoroalkyl chain. Two principal routes
for efficient radiolabelling of these compounds exist: direct
nucleophilic substitution of an aliphatic leaving group by [18F]
fluoride ion, and o-[18F]fluoroalkylation using o-[18F]fluoroalkyl
halides or o-[18F]fluoroalkyl sulfonates (Scheme 3).

O-Alkylation

2-[18F]fluoroethyl bromide was used to synthesise the 2-[18F]
fluoroethyl ester analogues of 6 and 7. Both products, 22 and
23, were obtained in good yields after a single HPLC purification.
By-product formation was largely suppressed by distillation of 2-
[18F]fluoroethyl bromide.53 Essentially the same method was
www.jlcr.orgright © 2013 John Wiley & Sons, Ltd.
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Scheme 3. Examples of [18F]fluoroalkylation of 3-phenyltropanes.

P. J. Riss et al.

156
used later for 24, an O-2-[18F]fluoroethyl ester of 8, this time
using a commercially available synthesis module.72 A slightly
modified version of the 2-[18F]fluoroethyl bromide route was
used to synthesise 25 only recently.73 The carboxylate function
in 3-phenyltropane-derived ligands has been described as rela-
tively tolerant to structural modification with respect to DAT inhi-
bition. Even the introduction of bulky 99mTc complexes did not
reduce potency.74 However, the exchange of the methyl ester
for a fluoroprop-2-yl ester in 6 to give 26 significantly improved
the relative potency at the DAT resulting in an improved
selectivity. Both diastereoisomers of 26 were investigated, and
the S-isomer (1R,2S,3S,5S)-(S)-1-fluoropropan-2-yl 8-methyl-3-
phenyl-8-azabicyclo[3.2.1] octane-2-carboxylate ((S)-26) showed
remarkable selectivity and high DAT inhibition potency. When
(R,S)-26 was labelled using direct nucleophilic substitution, the
2a-epimer was formed as a by-product. Notably, the high affinity
diastereoisomer (S)-26 showed a much slower kinetic profile
than its R-configured counterpart.75,76 Indirect labelling of O-2-
[18F]fluoroalkyl derivatives was preferred until a direct nucleophilic
fluorination approach towards 27was reported. Direct nucleophilic
substitution on a 4-methylbenzenesulfonate precursor furnished
the 2-[18F]fluoroethyl ester 27 in a good yield.77 An improved
radiosynthesis of 22 using [18F]fluoroethyl triflate was reported
recently. Interestingly, metabolite analysis did not suggest
significant degradation of this compound in vivo, paralleling the
observations in [18F]5 PET studies.78

N-Alkylation

The 18F-analogue of the commercialised SPECT radiotracer
DATscanW 9 stands out as a highly sought after compound
among 3-phenyltropanes. Compound 9 elegantly offers the
opportunity to introduce an 11C-label, an 18F-label or an
123I-label. Compared with its congener 8, a more rapid kinetic
profile affords a transient equilibrium within the time frame of
a clinical PET examination. Moreover, N-desalkylation does not
occur.76 N-(3-methanesulfonyloxyprop-1-yl)-nor-8 was labelled
using direct nucleophilic radiofluorination to obtain 9, albeit in
low radiochemical yield of 1–2%.79,80 These issues were overcome
when a reliable two-step radiosynthesis was devised.81 The use of
tertiary alcohols as additives82 or co-solvents83 was explored as a
means to further improve the radiosynthesis of 9. A variety of
analogues of 9 were investigated using N-alkylation with
www.jlcr.org Copyright © 2013 John Wiley & Sons, L
o-[18F]fluoroalkylating agents. For example, the synthesis and eva-
luation of 28 from 3-[18F]fluoroprop-1-yl iodide has been reported.79

Bioisosteric replacement of the iodo substituent by a methyl
group to afford 29 was inspired by a report concerning the rapid
kinetic profile of 11 in rats.44 Notably, the authors identified
2a-epimerisation as a yield-reducing culprit.84

Compound 28 and its close analogue 30 were labelled with
18F and characterised in rhesus monkeys. The lower, yet more
appropriate affinity of 30 gave rise to more favourable character-
istics. By using 2-[18F]fluoroeth-1-yl tosylate it was obtained in
good yields and used in human subjects.85 Because of a polar
metabolite formed in vivo by N-desalkylation, quantification of
30 requires blood sampling.12,13

Compound 31 was obtained using the same two-step label-
ling procedure.85 31 was obtained in sufficient yields, although
the authors report ‘very polar metabolites’ leading to less
than 20% of intact parent compound in plasma 20-min post-
injection.86 When the 40-bromo-analogue 32 was investigated,
a two-step procedure was more satisfying than direct labelling.87

Its 40-fluoro-analogue 33 was reported, albeit a surprisingly low
specific activity was obtained. The authors explicitly state that
the use of 3-[18F]fluoroprop-1-yl tosylate facilitated an improved
yield.88 Radioactivity uptake into bone confounded the utility of
33, although this is not relevant for DAT imaging in striatal brain
regions, whereas cortical regions located close to the skull are
prone to radiation spill over from the skull.89

Compound 14 was synthesised via an indirect approach using
4-[18F]fluorobut-2-ene-1-yl tosylate as well as by direct nucleophilic
radiofluorination.90–92 A microwave reactor was also used for indirect
heating at 100W for 2min but without significant improvement.90

Following the discovery of a slow conformational change in
the DAT upon binding to tropane-based inhibitors, a series of
conformationally constrained analogues was investigated.93

Two of these candidates 12 and 34 were evaluated.74,93–96 Initial
labelling was conducted under conventional conditions, but pro-
mising preliminary characterisation warranted investigation of
microwave-enhanced radiosynthesis.74 Thereby, the compounds
were obtained in higher yield after a very short reaction time.
Compound 34 was synthesised from a bromide precursor
because of stability issues observed with the tosylate analogue.

4-Fluorobut-2-ene-1-yl substituted tropanes, introduced about
a decade ago, were re-investigated recently to afford the prospec-
tive DAT radiotracers 35–37. Candidate 36 was synthesised from
E-4-[18F]fluorobut-2-ene-1-yl tosylate and provided a favourable
kinetic profile.21 In an approach to improve the metabolic stability
of N-alkylated tropane derivatives, a 2,2,2-[18F]trifluoroethyl pros-
thetic group was introduced into 6 to obtain 38.97

A more exceptional 3-phenyltropane derivative, FBnCT 39, was
obtained by grafting a 4-[18F]fluoromethylphenyl prosthetic group
onto the tropane nitrogen; however, current state of the art in aro-
matic radiofluorination complicates the radiosynthesis, and a four-
step procedure is necessary to obtain the labelled compound.98,99

Recent progress involves N-pyridylamides and N-pyridylamines,
which provide high DAT selectivity, combined with a convenient
site for 18F-labelling. The most promising candidate 40 shows
good results in ex vivo autoradiographic studies, which warrants
further investigation including detailed metabolite studies.100

Early on in the development of cocaine analogues for PET,
Goodman et al. reported carbamoyl analogues of (�)-cocaine
bearing N-(2-[18F]fluoroethyl) 41 and N-(3-[18F]fluoropropyl) 42
modifications, although no further evaluation of the compounds
was disclosed.
td. J. Label Compd. Radiopharm 2013, 56 149–158
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Conclusions and outlook

Over the decades, significant effort has been spent on the devel-
opment and evaluation of DAT-selective PET radiotracers. In par-
allel, numerous studies have focussed on labelling conditions
and automation of the radiosynthesis. As a result, an extensive
set of chemical entities has been studied towards potential
DAT radiotracers.

There are two sites for convenient alkylation of the compound,
the carboxylate function and the amino function. Consequently, 3-
phenyltropanecarboxylic acids and N-desmethyl (‘nor’)-tropanes
are key substrates for radiolabelling. Treatment of the restricted
bicyclic tropane system bearing two adjacent exo-substituents
with base is difficult. CH-acidity on carbons 2 and 3 is elevated
by the 2-carboxylate or 3-aryl substituents and augmented by
conformational strain. Strong bases in combination with elevated
temperature readily inverts the stereocenter at C-2 of the bicyclic
structure. This is reflected in most of the reaction conditions used
to furnish the free acid; a medley of neutral, mildly basic and
mildly acidic conditions. Some labelling conditions are prone to
C-2-inversion. This 2-epimerisation may compete with formation
of the desired product, imposing a limitation on the radiochemical
yield.101 Today, soft, moderately basic alkaline metal or ammo-
nium salts are preferred.

In terms of radiolabelling, there is no clear preference of any
single method. Labelling with 11C has been achieved in sufficient
yields using ubiquitously available reagents such as [11C]CH3I or
[11C]CH3OTf. A variety of different solvents, bases and precursors
have been employed.

For 18F-labelling, each individual route provides specific
advantages. However, the use of secondary labelling reagents,
such as o-[18F]fluoroalkylating agents, comes at the expense of
prolonged synthesis duration and more complex process
automation. Notably, whereas prosthetic groups are often
understood as means to label radiotracers using more gentle
conditions than those used for direct fluorination, the opposite
effect is found in N-alkylation of tropanes. In this case, much
harsher reaction conditions are common, and epimerisation
competes with product formation.

Although good yields are routinely obtained in automated
processes, one shortcoming still has to be overcome: Most of
the clinically employed DAT radiotracers are rapidly metabolised
to furnish BBB-penetrating metabolites, which confound non-
invasive imaging. Hence, future work has to be committed to
avoid metabolically sensitive functional groups towards a more
favourable metabolic profile.
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