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Rhenium Radiofluorination

Telescoping the Synthesis of the [18F]CABS13 Alzheimer's
Disease Radiopharmaceutical via Flow Microfluidic Rhenium(I)
Complexations
Mitchell A. Klenner,*[a,b] Benjamin H. Fraser,[a] Vaughan Moon,[a,c] Brendan J. Evans,[a,c]

Massimiliano Massi,[b] and Giancarlo Pascali*[a,d,e]

Abstract: The syntheses of rhenium(I) complexes were
achieved under flow microfluidic conditions. The use of a single
microreactor was applied towards complexation of the 6-
chloro-2,2′-bipyridine diimine ligand, with ideal complexation
conditions around 170 °C. Subsequent radiolabelling with
[18F]fluoride was further achieved by flowing through a second
heated microreactor, alongside a stream of dried radiofluorina-
tion media. Temperature modulation across both microreactors
resulted in 23.6 % and 37.0 % radiochemical yield (RCY) of
[18F]6-fluoro-2,2′-bipyridine and its associated [18F]tricarbonyl-
(2-fluoro-2,2′-bipyridine)rhenium(I) chloride complex, respec-
tively. Translation of this set-up to the synthesis of the
[18F]CABS13 Alzheimer's disease positron emission tomography

1. Introduction
Alzheimer's disease (AD) is currently the sixth leading cause of
death in the United States, and the cause of 60–70 % of demen-
tia cases.[1] The rate of cases is projected to increase, with a
2016 report from the Alzheimer's Association claiming that a
new person develops the neurodegenerative disease every 66
seconds.[2] These cases have amounted to an estimated 5.8 mil-
lion Americans living with AD, as of 2019, with $290 billion in
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(PET) imaging agent was achieved with the incorporation of a
third microreactor to enable thermal control of the complexa-
tion, fluorination and decomplexation pathways. Optimal RCYs
of 2.7 % and 1.9 % of [18F]CABS13 and its rhenium(I) complexa-
tion were achieved in-flow, respectively. However, discrepancies
in the RCYs were found to arise from differences in the grade
of anhydrous dimethyl sulfoxide (DMSO) employed in the con-
tinuous-flow reactions. Anhydrous DMSO from Sigma-Aldrich (≤
99.9 %) in former experiments afforded higher yielders in com-
parison to replicate experiments employing anhydrous DMSO
from Merck Millipore (≤ 99.7 %), thus demonstrating that con-
trol of the solvent grade is key to optimizing reaction RCYs.

payments being made for the long-term health care and hos-
pice services of ≥ 65 year-old patients suffering from dementia
in the same year.[3] Many efforts have hence been undertaken
to elucidate the mechanisms underlying AD and to develop
diagnostic agents for early interventional treatment. Two preva-
lent characteristics of AD, exempting genetic factors, are neuro-
fibrillary tangles (NFTs) formed from the hyperphosphorylation
of tau proteins within the neurons which lead to cytoskeletal
collapse alongside malfunctions in neurotransmission,[4] and
amyloid beta (A�) plaques which form from entangled oligom-
ers and disrupt synaptic networks.[5] Concerning the latter char-
acteristic, Vasdev, et al. developed a PET radiopharmaceutical,
2-[18F]fluoro-8-hydroxyquinoline ([18F]CABS13), for the in vivo
imaging of A� plaques.[6] The tracer, [18F]CABS13, takes into
account that Zn, Cu and Fe ions are involved in A� plaque
deposition and stabilization,[7] and that metal chelating agents
can facilitate dissolution of A� deposits by preventing metal–
A� interactions,[8] thereby presenting both therapeutic and di-
agnostic strategies for AD and related dementias. The radio-
pharmaceutical was first administered to an amyloid precursor
protein and presenilin-1 (APP/PSEN1) transgenic mouse model
of AD, which exhibited a significant temporal difference in both
brain uptake and retention compared with the wild-type con-
trol model.[6] PET neuroimaging in non-human primate models
of AD, however, demonstrated comparatively low brain uptake
and rapid in vivo metabolism of the tracer.[9] The vast discrep-
ancies in pharmacokinetic behavior between the species have
prolonged investigations concerning the efficacy of the radio-

https://doi.org/10.1002/ejic.202000433
https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1439-7633.ICCC2021
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202000433&domain=pdf&date_stamp=2020-09-24


Full Paper
doi.org/10.1002/ejic.202000433

EurJIC
European Journal of Inorganic Chemistry

tracer for PET diagnoses of AD in humans, particularly in light
of nuclear medicines such as carbon-11 labelled Pittsburgh
Compound B ([11C]PiB) currently being trialed for diagnoses of
human cerebral A� pathologies.[10] However, alternative
hydroxyquinoline-based treatments for neurodegeneration
such as 5-chloro-7-iodo-8-hydroxyquinoline (clioquinol, CQ),
have demonstrably reversed the in vivo progression of AD and
resulted in rapid restoration of cognitive ability in APP trans-
genic mouse models.[11] Notably, CQ also outcompetes APP de-
rived oligomers for metal ions without affecting the activity of
Zn/Cu-dependent enzymes,[11,12] thus warranting continued
study of hydroxyquinoline radiopharmaceutical analogues. To-
wards furthering the investigation of [18F]CABS13 as an AD im-
aging agent, a few radiosynthetic pathways have been de-
scribed in literature. Each pathway has been characterized by
multiple-step radiosyntheses involving radiofluorination of an
alcohol-protected precursor, using benzyl or benzyloxymethyl
protecting groups, followed by deprotection of the radiola-
belled agent, either by acid-catalyzed hydrolysis or Pd/C-cata-
lyzed hydrogenation.[6,9,13] One recent such method, which we
reported in a 2020 study, utilized a rhenium(I) complexation-
dissociation approach to enable radiofluorination of N-hetero-
cyclic bidentate ligands which were unable to be radiosynthe-
sised hitherto.[14] A mechanism was posited, based on density
functional theory (DFT) modelling analyses, which involved
fluorination of the cis-carbonyl ligand, thus forming an acyl
[18F]fluoride intermediate in proximity to the leaving group and
facilitating nucleophilic aromatic substitution (SNAr). In the case
of hydroxyquinoline ligands, the rhenium(I) centre formed da-
tive bonds with the N and O atoms, serving as both an activator
for SNAr and a protecting group for the alcohol simultaneously.
This experiment incorporated only a single microreactor, how-
ever, which provided limited control over the thermally medi-
ated radiofluorination and decomplexation processes. As a
means of simplifying the radiosynthesis of [18F]CABS13 to a sin-
gle radiosynthetic reaction, we have sought to couple our rhe-
nium(I) complexation-dissociation approach[14,15] with a multi-
ple microreactor in-flow microfluidic set-up hypothesized to en-
able thermal control of the fluorination and dissociation condi-
tions. Only one other two-step telescoping radiotracer produc-
tion method has been reported, which expedited syntheses of
[18F]fluorocholine derivatives.[16] Complexation of the precursor
ligand to a source of rhenium(I) was also trialed in-flow, both
for CABS13 and a chloro-substituted bipyridine compound, to
spare the additional step of synthesis typically required to pre-
pare the rhenium(I) precursor. Such a method accompanies the
few literature examples describing automated multiple step in-
flow syntheses of fluorine-18 labelled PET radiopharmaceuti-
cals.[17] However, by telescoping such radiosyntheses, ensuring
that the first reaction does not negatively interfere with the
second, we present a rarely implemented strategy designed to
reduce the burden on synthetic chemists tasked with preparing
radiolabelling precursors. More significantly, this approach rep-
resents the first demonstration of in-flow rhenium(I) complexa-
tion, particularly as applied under microfluidic conditions,
which may have far-reaching implications for the manufactur-
ing of many similar rhenium(I) tricarbonyl tracers.
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2. Results and Discussion
The precursors and non-radioactive standards were synthesized
as per our previously published methodology via the scheme
depicted in Figure 1.[14] 6-Chloro-2,2′-bipyridine (6ClBiPy) was
first complexed to a source of pentacarbonylrhenium(I) chloride
(Re(CO)5Cl) in toluene solution to afford the tricarbonyl(6-
chloro-2,2′-bipyridine)rhenium(I) chloride ([Re(6ClBiPy)-
(CO)3Cl]) precursor. Starting material 6ClBiPy was also fluorin-
ated via SNAr with potassium fluoride in dimethyl sulfoxide
(DMSO) solution using 18-crown-6 ether as a phase-transfer cat-
alyst (PTC) in azeotropically distilled anhydrous acetonitrile so-
lution, which required four days of refluxing to afford the 6-
fluoro-2,2′-bipyridine (6FBiPy) non-radioactive standard. The
6FBiPy ligand was then complexed with Re(CO)5Cl in toluene
to afford the desired tricarbonyl(6-fluoro-2,2′-bipyridine)-
rhenium(I) chloride ([Re(6FBiPy)(CO)3Cl]) non-radioactive stan-
dard.

Figure 1. Synthetic route used to obtain the 6ClBiPy and
[Re(6ClBiPy)(CO)3Cl] precursors, as well as the 6FBiPy and
[Re(6FBiPy)(CO)3Cl] non-radioactive standards.

In-flow complexation was achieved via the microfluidic set-
up assembled as per Figure 2. Here, the supply and flow rate
of 6ClBiPy in DMSO (0.74 mg mL–1, 3.45 μmol mL–1) solution
was delivered by pump 1 (P1) from the relevant storage loop.
The first 50 μL of the reagent was dispensed to a waste vial via
backpressure created from aspirating and dispensing anhy-
drous DMSO solvent to ensure a uniform concentration of
6ClBiPy in the reaction bolus. Reagent Re(CO)5Cl in DMSO
(1.36 mg mL–1, 4.30 μmol mL–1) was likewise aspirated and dis-
pensed from a storage loop via pump 2 (P2). Volumetric ratios
of 1:1 were applied for the precursor boluses, thus ensuring a
1.25 equiv. excess of Re(CO)5Cl to 6ClBiPy similar to the bulk
synthesis. The reaction boluses (10 μL) of both reagents were
eluted through microreactor 1 (MR1) with anhydrous DMSO at
a 20 μL min–1 flow rate and eluted into the final product vial
for analysis by high-performance liquid chromatography
(HPLC). The internal volume of MR1 was 15.6 μL, which affords
a residence time of approximately 23 s given the combined
flow rate of 40 μL min–1 from both pumps. The temperature
applied to MR1 was modulated in 20 °C increments via a heater
plate to determine the optimal conditions for the complexation
reaction. As the heat supplied to the reaction drive both the
forward and reverse processes for complexation (Kc) and disso-
ciation (K-d), respectively, the temperature for maximal produc-
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tion of [Re(6FBiPy)(CO)3Cl] was hypothesized to lie between
the two extremes of the 70–190 °C range trialed. Figure 3 de-
picts the 215 nm UV-absorbance channel for the resulting chro-
matograms at each of the tested temperatures. While the exact
quantities of the products and unreacted starting materials are
dependent on the molar absorptivity of each analyte at 215 nm,
comparative assessments of production and consumption can
be determined from the increase and decrease of the relative
integrated peak areas, respectively. Evidently, higher tempera-
tures resulted in increased production of the
[Re(6FBiPy)(CO)3Cl] complex, as quantified in Figure 4 which
depicts the integrated peaks areas for each reagent expressed
as a percentage of the entire chromatographic area at 215 nm
alongside the associated standard deviations. The peak area of
Re(CO)5Cl notably decreases at temperatures greater than 90 °C
and results in a considerable increase in the relative amount of
[Re(6FBiPy)(CO)3Cl] forming at 170 °C. At 190 °C the produc-
tion of [Re(6FBiPy)(CO)3Cl] is observed to decrease, suggesting
that the increased heat supply favours the KC rate constant up
to 170 °C, whereafter the ratio of [Re(6FBiPy)(CO)3Cl] complex-
ation-to-dissociation rate decreases. An additional experiment
was also employed at 190 °C, whereby the molar equivalence
of Re(CO)5Cl was scaled up two-fold (2.5 equiv.) to assess
whether the rate of [Re(6FBiPy)(CO)3Cl] complexation could
be increased. The increased molar equivalence was the result
of doubling the Re(CO)5Cl solution bolus to 20 μL (i.e. by apply-
ing 1:2 volumetric ratio). This reaction is depicted by the dashed
line of Figure 3, clearly indicating the retention time of
Re(CO)5Cl on the column and that excess reagent remained
in the reaction media. Consequently, the [Re(6FBiPy)(CO)3Cl]
complex was afforded in a greater than two-fold increase in
yield, as evidenced by Figure S1 of the SI which plots the inte-
grated peak area with standard deviation, proportional to the
relative mass of each reagent, for each compound at the given
MR1 reaction temperature.

Figure 2. Microfluidic set-up for the automated syntheses of
[Re(6ClBiPy)(CO)3Cl] in-flow, used to determine the optimal temperature for
complexation via heating of MR1.

After confirming that rhenium(I) ligand complexations could
be achieved in-flow, we shifted our attention to the two-step
radiosynthesis of [18F]6FBiPy and [18F][Re(6FBiPy)(CO)5Cl us-
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Figure 3. UV absorbance chromatograms showing the in-flow complexation
of 6ClBiPy with Re(CO)5Cl to form [Re(6ClBiPy)(CO)5Cl at varying tempera-
tures. A two-fold equivalence of Re(CO)5Cl was added in an additional 190 °C
experiment to aid in driving the reaction. A gradient HPLC system of water
and acetonitrile (5–95 %) was utilized with a flow rate of 2 mL min–1 and data
collected at 215 nm wavelength.

ing an in-flow rhenium(I) complexation approach. The micro-
fluidic set-up used to automate these reactions is illustrated in
Figure 5. Solutions of 6ClBiPy (1.47 mg mL–1, 7.69 μmol mL–1)
and Re(CO)5Cl (2.76 mg mL–1, 7.69 μmol mL–1) were still sup-
plied by P1 and P2 in 10 μL boluses, respectively, and passed
through heated MR1 to provide [Re(6ClBiPy)(CO)5Cl. In this
setup, a second microreactor (MR2) was placed in series to MR1
and temperature controlled to optimize the radiofluorination
reaction. Cyclotron produced [18F]fluoride in oxygen-18 en-
riched water, formed from the 18O(p,n)18F nuclear reaction, was
eluted though a QMA ion exchange resin with tetraethylammo-
nium (TEA) bicarbonate in a 90 % acetonitrile in water solution
by pump 3 (P3). Adequate elution of [18F]fluoride was con-
firmed by a decline in radioactivity, as measured by a γ-scintilla-
tion detector in close proximity, and a solenoid valve (SV) en-
sured the recycling of [18O]water. The resulting TEA [18F]Fluor-
ide ([18F]TEAF) solution was eluted into an azeotropic distilla-
tion vial, as confirmed by a nearby radioactivity detector,
whereupon the solvent was evaporated under heated condi-
tions with a nitrogen gas flow and vacuum applied through
two SVs. The resulting residue was reconstituted with portions
of anhydrous acetonitrile in order to azeotropically remove tra-
ces of water. The [18F]TEAF complex was then finally reconsti-
tuted in anhydrous DMSO solution and transferred into a stor-
age loop by pump 4 (P4). A fraction of the radioactive solution
was dispensed into a waste vial to ensure homogeneity of the
reaction bolus and 10 ± 2 MBq solutions of [18F]TEAF were
eluted through MR2 alongside the output of MR1 containing
[Re(6ClBiPy)(CO)5Cl]. Using the solution eluted from MR1 we
aimed to telescope the synthesis of [18F]6FBiPy, rather than
its rhenium complexed analogue, by exploiting our previously
described rhenium(I) complexation-dissociation approach.
Thus, the temperature at MR2 was fixed at 190 °C in order to
increase not only the rate of fluorination (Kf ) forming
[18F][Re(6FBiPy)(CO)3Cl], though also the rate of decomplexa-
tion (Kd) forming [18F]6FBiPy. However, in this optimization, we
again tested the variation of temperature of MR1 from 50–
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Figure 4. Relative percentage of integrated areas with associated standard deviations determined from the 215 nm UV-absorbance chromatograms for 6ClBiPy
and Re(CO)5Cl complexation reactions forming [Re(6ClBiPy)(CO)5Cl at varying MR1 temperatures.

Figure 5. Microfluidic set-up for the complexation of 6ClBiPy with Re(CO)5Cl in MR1 to afford [Re(6ClBiPy)(CO)3Cl], followed by radiofluorination and
decomplexation in MR2 to afford both [18F][Re(6FBiPy)(CO)3Cl] and [18F]6FBiPy radioproducts.

190 °C in 20 °C increments. The flow rates of P1 and P2 were
both set to 10 μL min–1, thus affording a combined flow of
20 μL min–1 through MR1. As the internal volume of MR1 was
15.6 μL, the residence time for the complexation reaction was
thus approximately 47 s. P4 also dispensed the [18F]TEAF solu-
tion at a rate of 10 μL min–1, however MR2 consisted of a larger
internal volume (31.2 μL) and thus a longer residence time of
62 s was allowed for the fluorination and decomplexation path-
ways despite a combined 30 μL min–1 flow rate. Additionally, a
radioactivity detector was also placed in proximity of MR2 to
monitor the elution of the radioactive solution into the final
product vial for radioHPLC analysis.

The radiochemical yields (RCY), as determined from the
integrated peak area of the radioproducts divided by the total
radiochromatographic area, for both [18F]6FBiPy and
[18F][Re(6FBiPy)(CO)3Cl], are listed alongside the temperatures

Eur. J. Inorg. Chem. 2020, 3554–3564 www.eurjic.org © 2020 Wiley-VCH GmbH3557

Table 1. RCYs of [18F]6FBiPy and [18F][Re(6FBiPy)(CO)3Cl] obtained from in-
flow radiosyntheses applying MR1 (non-radioactive complexation) at the
listed temperatures. MR2 (radiofluorination & dissociation) was also applied
in-series at a fixed temperature of 190 °C.

MR1 [18F]6FBiPy [18F][Re(6FBiPy)(CO)3Cl]
Temperature [°C] (% RCY) (% RCY)

50 4.7 2.4
70 4.7 4.8
90 3.7 23.9
110 5.3 37.0
130 12.9 33.4
150 23.6 5.8
170 21.7 1.2
190 21.9 1.4

of MR1 and MR2 in Table 1. RCYs of less than 5 % were obtained
for both radioproducts for an MR1 temperature of no greater
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than 70 °C. At 90 °C, however, the radiosynthesis of
[18F][Re(6FBiPy)(CO)3Cl] was found to increase to 23.9 %,
followed by maximum RCYs of 37.0 % and 33.4 % at
110 and 130 °C, respectively. Thereafter, the RCY of
[18F][Re(6FBiPy)(CO)3Cl] notably decreased as the complex dis-
sociated to liberate [18F]6FBiPy at a maximum of 23.6 % RCY
at 150 °C, followed by consistent RCYs of 21.7 % and 21.9 % at
170 and 190 °C, respectively. As an example, the radiochromato-
gram acquired at 130 °C is depicted in Figure 6, which illustrates
the retention of [18F]6FBiPy at 2.15 min and
[18F][Re(6FBiPy)(CO)3Cl] at 5.68 min, with minor radio by-prod-
ucts eluting around 4.5–5.0 min and unreacted [18F]fluoride
eluting around 30 s into the run. These radioactive by-products
may possibly coincide with the minor by-products observed in
the Figure 3 chromatograms for [Re(6ClBiPy)(CO)3Cl] complex-
ation eluting around 5.2 min. The HPLC elution of [18F]6FBiPy
from this two-reactor experiment slightly differs from the elu-
tion of 6ClBiPy from the non-radioactive single-reactor com-
plexation experiment; however, as the gradient was held at
100 % aqueous phase for the first 2 min to ensure the reten-
tions of [18F]6FBiPy and [18F]fluoride did not overlap. The peak
identities were again verified via retention time comparisons
with the non-radioactive 6FBiPy and [Re(6FBiPy)(CO)3Cl] stan-
dards using the UV channel. The observed RCYs can be rational-
ized through consideration of Figure 7, which depicts the rate
constants for the forward and reverse reactions concerning:
i) complexation (Kc) of 6ClBiPy with Re(CO)5Cl to form
[Re(6ClBiPy)(CO)3Cl] and reverse thermal dissociation (K-d) of
[Re(6ClBiPy)(CO)3Cl] liberating 6ClBiPy, ii) fluorination (Kf ) of
[Re(6ClBiPy)(CO)3Cl] forming [18F][Re(6FBiPy)(CO)3Cl] and re-
verse defluorination (K-df ) with formerly displaced chloride ions
forming [Re(6ClBiPy)(CO)3Cl], and iii) thermal dissociation (Kd)
of [18F][Re(6FBiPy)(CO)3Cl] to liberate [18F]6FBiPy and reverse
complexation (K-c) with excess Re(CO)5Cl to reform the
[18F][Re(6FBiPy)(CO)3Cl] labelled complex. The fluorination of
6ClBiPy is too slow afford an appreciable rate constant, as evi-
denced by the 96 h synthesis time of the non-radioactive stan-
dard and our former experiments demonstrating no discernible
yield of [18F]6FBiPy from the ligand precursor.[14] Reactions be-
tween [18F]TBAF and Re(CO)5Cl across the trialed temperatures
likewise afforded no radioproducts. Thus, the incorporation of
fluorine-18 is principally restricted to the radioactive species
illustrated in Figure 7. For reactions at temperatures 50 and
70 °C, the Kc rate constant is clearly lower in value thus resulting
in minimal [Re(6ClBiPy)(CO)3Cl] required to form the radio-
products from subsequent fluorination. For temperatures of
90 °C onwards it is curious to note how differences in the MR1
temperature affected radiotracer production, given that the Kf

and Kd rate constants should remain unperturbed given the
stable 190 °C MR2 temperature. Evidently, the amount of
[18F][Re(6FBiPy)(CO)3Cl] and [18F]6FBiPy formed was linked to
the amount of [Re(6ClBiPy)(CO)3Cl] produced in MR1. Between
the 90–130 °C temperature range, a reasonable quantity of
[Re(6ClBiPy)(CO)3Cl] was radiofluorinated to form
[18F][Re(6FBiPy)(CO)3Cl] in solution, though not enough to
warrant significant dissociation. Whereas between 150–190 °C,
within the range previously confirmed to afford optimum com-
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plexation, a greater quantity of complex was fluorinated to af-
ford [18F][Re(6FBiPy)(CO)3Cl which in turn afforded a greater
RCY of [18F]6FBiPy. These results suggest that with a longer
residence time in MR2 for the 90–130 °C temperature range,
the RCY of [18F]6FBiPy could have been improved, as both reac-
tions are governed by the Kc and Kd rate constants. While rapid
heat transfer in microfluidic laminar flow systems would be ex-
pected, it could be possible that the residual heat of the reac-
tion bolus leaving MR1 affected reactions at MR2 by reducing
the time required for uniform heating in the coil, thus account-
ing for the significant difference in RCYs at higher temperatures.

Figure 6. Radiochromatogram acquired from the complexation and radioflu-
orination of [Re(6ClBiPy)(CO)3Cl], with MR1 set to 130 °C and MR2 set to
190 °C, depicting the retention of [18F]6FBiPy at 2.15 min and
[18F][Re(6FBiPy)(CO)3Cl] at 5.68 min. The gradient was held at 100 % water
for the first 2 min to avoid coelution of [18F]6FBiPy with [18F]fluoride. A full
description of the HPLC gradient profile is provided in Table 3 of Section 4 –
Materials and Methods.

Figure 7. Rate constants for the forward and reverse reactions concerning
complexation (Kc), reverse dissociation [K]d), fluorination (Kf ), reverse defluori-
nation [K]df ), dissociation (Kd) and reverse complexation [K]c) leading to the
formation of [18F]6FBiPy.

Given the promising dual-reactor in-flow production of
[18F]6FBiPy, we were keen to translate the design methodology
to the production of [18F]CABS13, an AD PET diagnostic agent.
The synthetic routes used to obtain the precursors for radiosyn-
thesis and non-radioactive standards for retention time compar-
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isons is illustrated in Figure 8. A solution of Re(CO)5Cl was first
refluxed in acetonitrile under anhydrous and deoxygenated
conditions to afford the [Re(CO)3(NCCH3)2Cl] intermediate, to
which 2Cl8HQ was added and further refluxed. The resulting
[Re(2Cl8HQ)(CO)3(NCCH3)] complex was then found to precipi-
tate from solution. Formation of the non-radioactive fluorinated
standards required additional steps of synthesis. 2-chloro-8-hy-
droxyquinoline (2Cl8HQ) was first dissolved in dimethylform-
amide (DMF) and treated with benzyl chloride in the presence
of potassium carbonate to afford the 2Cl8HQ-OBn benzyl pro-
tected alcohol. Subsequent fluorination using potassium fluor-
ide and an 18-crown-6 PTC in DMSO afforded CABS-13-OBn,
which was then reduced over hydrogen gas in the presence
of palladium and palladium hydroxide on carbon catalysts in
acetonitrile solution to afford the CABS13 standard. The
CABS13 ligand was then complexed with the
[Re(CO)3(NCCH3)2Cl] intermediate, again formed from refluxing
Re(CO)5Cl in acetonitrile, to afford the desired
[Re(CABS13)(CO)3(NCCH3)] fluorinated standard.

Figure 8. Synthetic route used to obtain the 2Cl8HQ and
[Re(2Cl8HQ)(CO)3(NCCH3)] precursors, as well as the CABS13 and
[Re(CABS13)(CO)3(NCCH3)] non-radioactive standards.

Figure 9. Triple reactor microfluidic set-up for the complexation of 6ClBiPy with Re(CO)5Cl in MR1 to afford [Re(6ClBiPy)(CO)3Cl], followed by radiofluorination
to afford [18F][Re(6FBiPy)(CO)3Cl] in MR2 and dissociation in MR3 to afford [18F]6FBiPy.

Eur. J. Inorg. Chem. 2020, 3554–3564 www.eurjic.org © 2020 Wiley-VCH GmbH3559

As radiosyntheses of [18F]CABS13 can be particularly low
yielding, the microfluidic set-up was further modified to incor-
porate three microreactors in series, as shown in Figure 9. The
temperatures were modified to control the rates of complexa-
tion, fluorination and dissociation at MR1, MR2 and MR3, re-
spectively. An additional radioactivity detector was placed near
the site of MR3 to monitor entry and departure of the radioac-
tive solution into the final product vial for radioHPLC analysis.
In this particular set-up P1 delivered a solution of 2Cl8HQ
(0.88 mg mL–1, 4.88 μmol mL–1) in DMSO, whereas P2 continued
to supply Re(CO)5Cl (2.12 mg mL–1, 5.86 μmol mL–1) dissolved
in acetonitrile. P3 and P4 reprised the former roles of azeotropi-
cally drying and supplying the [18F]TEAF solution in DMSO. Bo-
luses (20 μL) of 2Cl8HQ and Re(CO)5Cl were pumped through
to MR1 in a 1:1 volumetric ratio, ensuring an excess 1.20 equiv.
of Re(CO)5Cl, and each at a flow rate of 5 μL min–1. Thus, the
summative flow rate of 10 μL min–1 in the 15.6 μL void volume
of MR1 resulted in a residence time of 94 s. P3 supplied the
[18F]TEAF (61 ± 14 MBq) solution at a rate of 10 μL min–1, thus
resulting in a cumulative flow rate of 20 μL min–1 in both MR2
and MR3. Given that the internal volumes (31.2 μL) were the
same for both MR1 and MR2, the residence time of the reaction
boluses was also 94 s in all microreactors. Figure 10 depicts the
rate constants for the forward and reverse reactions intended
to be controlled at each microreactor; i) complexation (Kc) of
2Cl8HQ with Re(CO)5Cl to form [Re(2Cl8HQ)(CO)3(NCCH3)] at
MR1 and reverse thermal dissociation (K-d) of
[Re(2Cl8HQ)(CO)3(NCCH3)] liberating 2Cl8HQ, ii) fluorination
(Kf ) of [Re(2Cl8HQ)(CO)3(NCCH3)] forming [18F][Re(CABS13)-
(CO)3(NCCH3)] at MR2 and reverse defluorination (K-df ) with for-
merly displaced chloride ions forming [Re(2Cl8HQ)(CO)3-
(NCCH3)], and iii) thermal dissociation (Kd) of [18F][Re(CABS13)-
(CO)3(NCCH3)] to liberate [18F]CABS13 at MR3 and reverse
complexation (K-c) with excess Re(CO)5Cl to reform the
[18F][Re(CABS13)(CO)3(NCCH3)] labelled complex. Table 2 lists
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Figure 10. Rate constants for the forward and reverse reactions concerning
complexation (Kc), reverse dissociation [K]d), fluorination (Kf ), reverse defluori-
nation [K]df ), dissociation (Kd) and reverse complexation [K]c) leading to the
formation of [18F]CABS13.

the RCYs for [18F]CABS13 and [18F][Re(CABS13)(CO)3-
(NCCH3)Cl] determined from radioHPLC analyses of each solu-
tion acquired from modulation of the three microreactor tem-
peratures. The incorporation of both DMSO and acetonitrile sol-
vents would have resulted in continuous exchange at the rhe-
nium(I) coordination sphere, given the lability of both ligands.
However, as acetonitrile was used in the HPLC eluent mobile
phase, any coordinated DMSO ligand was likely displaced for
acetonitrile during radioHPLC analysis, thus leading to the ob-
served retention time comparison around 7.5 min with the non-
radioactive standard. The amount of both radioproducts
formed were relatively the same, independent of the tempera-
tures applied to the microreactors, with the RCY of [18F]CABS13
ranging between 1.2–2.7 % and the RCY of [18F][Re(CABS13)-
(CO)3(NCCH3)Cl] ranging between 1.0–1.9 %. The highest yield
of 2.7 % [18F]CABS13 was acquired through temperatures of
130 °C applied to MR1 and 190 °C applied to both MR2 and
MR3. Whereas the highest yield of 1.9 % [18F][Re(CABS13)-
(CO)3(NCCH3)Cl] was obtained through applying temperatures
of 170 °C to MR1 and MR2, followed by 190 °C at MR3. These
comparatively low yields could be rationalized through a partic-
ularly low Kc rate constant which constrained the amount of
[Re(2Cl8HQ)(CO)3(NCCH3)] present to form the desired radio-
tracers through the subsequent Kf and Kd channels. However,
higher MR1 temperatures in our former complexation studies

Table 2. RCYs of [18F]CABS13 and [18F][Re(CABS13)(CO)3(NCCH3)] obtained from in-flow radiosyntheses applying MR1 (non-radioactive complexation), MR2
(radiofluorination) and MR3 (thermal dissociation) microreactors in-series at the specified temperatures.

MR1 MR2 MR3 [18F]CABS13 [18F][Re(CABS13)(CO)3

Temperature [°C] Temperature [°C] Temperature [°C] (% RCY) (NCCH3)] (% RCY)

130 150 190 1.2 1.0
130 170 190 1.5 1.2
130 190 190 2.7 1.8
150 190 190 2.1 1.6
150 150 190 2.0 1.7
150 170 190 2.1 1.7
170 170 190 2.1 1.9
170 190 190 1.9 1.7
190 190 190 1.8 1.8
130 190 210 1.7 1.5

Eur. J. Inorg. Chem. 2020, 3554–3564 www.eurjic.org © 2020 Wiley-VCH GmbH3560

appeared to favour thermal decomplexation represented by the
K-d pathway, and hence further modulation of the MR1 temper-
ature conditions were discontinued. These former complexation
studies were trialed solely in DMSO media, and the laminar
composition of acetonitrile with DMSO could in part account
for the lesser RCYs. Nonetheless, one final experiment using this
microfluidic set-up was undertaken, whereby the temperature
of MR3 was increased to 210 °C. The temperature represents
the upper end of our instrumental capabilities which we do not
routinely apply for sustainability purposes, hence why all other
reactions did not exceed 190 °C. Applying temperatures of 130,
190 and 210 °C at MR1, MR2 and MR3, respectively, still only
resulted in middle range RCYs of 1.7 % [18F]CABS13 and 1.5 %
[18F][Re(CABS13)(CO)3(NCCH3)Cl].

Suspecting the lower RCYs of [18F]CABS13 and
[18F][Re(CABS13)(CO)3(NCCH3)] to be principally linked to the
quality of the solvents employed, we repeated the single
reactor microfluidic experiment employing the
[Re(2Cl8HQ)(CO)3(NCCH3)] precursor (0.80 μmol) dissolved in
DMSO. The precursor was treated with [18F]TEAF (29 ± 10 MBq)
over a 7.80 min residence time in a microreactor heated to
190 °C. Such conditions formerly yielded 5 % [18F]CABS13 and
18 % [18F][Re(CABS13)(CO)3(NCCH3)].[14] However, when re-
peating this experiment we found the yields to be approxi-
mately half as those expected, with [18F]CABS13 being pro-
duced in only 2.3 % RCY and [18F][Re(CABS13)(CO)3(NCCH3)]
being produced in only 9.8 % RCY, as shown by the radiochro-
matogram in Figure 11. The only significant change between
this experimental set-up and the previous was the anhydrous
DMSO solvent employed, which was replaced as a cost-saving
initiative within our department. Formerly we had used
≥ 99.9 % anhydrous DMSO purchased from Sigma-Aldrich
(product ID: 276855), whereas for the experiments reported in
this work we used ≥ 99.7 % DMSO purchased from Merck Milli-
pore (product ID: 109678). This was before Merck recently ac-
quired Sigma-Aldrich for $17 billion USD.[18] Evidently, the 0.2 %
of water makes a considerable difference due to the low con-
centrations and sensitivity of radiochemical reactions employ-
ing fluorine-18. Such a requirement for anhydrous radiofluori-
nation conditions has been observed in the production of many
radiopharmaceutical agents.[19] Despite the routine azeotropic
drying of the fluorination media, as all of the reagents were
dissolved in DMSO with a slightly higher water content it would
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appear that the RCYs of [18F]CABS13, [18F]6FBiPy and their re-
spective rhenium(I) complexes were all comparatively lower
than our former experiments.[14] This is despite the implemen-
tation of multiple reactors which should otherwise have im-
proved the reaction RCYs. Nonetheless, our former experiments
have fortunately shown that radiofluroinations of rhenium(I)
complexes can tolerate slightly hydrous conditions to afford ra-
dioproducts and, as such, the data presented here still provides
a useful analysis of which temperature conditions are best util-
ized in multireactor in-flow complexation reactions.

Figure 11. Radiochromatogram showing the formation of [18F]CABS13 in
2.3 % RCY (6.32 min) and [18F][Re(CABS13)(CO)3(NCCH3)] in 9.8 % RCY
(7.58 min). The gradient was held at 100 % water for the first 3 min to avoid
coelution of [18F]CABS13 with [18F]fluoride. A full description of the HPLC
gradient profile is provided in Table 3 of Section 4 – Materials and Methods.

Further considerations for increasing the yield of
[18F]CABS13, which were not implemented herein, could in-
volve the use of an acid primed solid supported reagent to
assist in dissociation of the metal centre or the use of light-
induced photodissociation in flow.[20] Photodissociation meth-
ods, specifically, have been widely applied in the decomplexa-
tion of similar group VII manganese(I) tricarbonyl complexes,
typically in application to carbon monoxide therapies and anti-
bacterial activity.[21] Such methods could potentially improve
the efficiency of rhenium(I) decomplexation strategies and
widen the scope of fluorine-18 labelled radiopharmaceuticals
for which the complexation-dissociation reaction could be ap-
plied to.

3. Conclusions

Herein, the radiosynthesis of the [18F]CABS13 AD PET neuro-
imaging agent has been simplified to a single microfluidic set-
up incorporating three microreactors dedicated to the rhe-
nium(I) complexation, radiofluorination and dissociation of the
ligand. Despite the compact set-up, the RCYs of [18F]CABS13
and the [18F][Re(CABS13)(CO)3(NCCH3)] complex were com-
paratively lower than former single microreactor set-ups. Re-
peat analyses of the single-reactor conditions were found to
also afford lower RCYs which were linked to the different grades
of anhydrous DMSO solvents used in the experiments. Here we
highlight the significant impact of a 0.2 % difference in water
content on radiofluorination reactions. This trend was likewise
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noted in our dual microreactor experiments designed to im-
prove [18F]6FBiPy and [18F][Re(6FBiPy)(CO)3Cl] syntheses,
which also afforded lower RCYs when compared to our previ-
ously reported single-reactor experiments with the same rea-
gents. However, it cannot be overlooked that the lower RCYs
could also be the result of lesser complexation at the first mic-
roreactor and replicate experiments using ≤ 99.9 % anhydrous
DMSO would be needed to verify this hypothesis. Nonetheless,
we have demonstrated that in-flow rhenium(I) complexation re-
actions are indeed feasible under microfluidic conditions and
that such products can be telescoped for subsequent radiola-
belling with fluorine-18. These results mark significant progress
towards the automated manufacturing of similar reagents, and
we have demonstrated the optimum temperature conditions
required to balance the competing complexation and dissocia-
tion pathways towards heightened RCYs.

4. Experimental Section
Materials and Methods: Instruments and Reagents: NMR analy-
ses were performed using a Bruker Spectrospin 400 MHz UltraShield
NMR spectrometer. Fourier transform infrared (FTIR) analyses were
performed using a Bruker ALPHA-p IR spectrometer. UV/Vis analyses
were performed using an Agilent technologies Cary 100 UV/Vis
spectrometer. Low resolution mass spectrometry (LRMS) analyses
were performed using a Waters micromass ZQ, equipped with an
electrospray ionisation (ESI) source running in positive ionisation
mode with the following parameters applied; voltages: 3 kV capil-
lary voltage, 25 V cone voltage for organic molecules and 70 V
cone voltage for rhenium complexes (required to dissociate Re–Cl
bonds), 5 V extractor voltage and 0.2 V radiofrequency (RF) lens
voltage; Temperatures: 45 °C source temperature and 300 °C desolv-
ation temperature; and gas flows: 350 L h–1 desolvation nitrogen
gas flow and 90 L h–1 cone nitrogen gas flow. Samples for high
resolution mass spectrometry (HRMS) were sent to the Mass Spec-
trometry User Resource and Research Facility at the University of
Wollongong and samples for elemental analysis (EA) were sent to
the Campbell Microanalytical Laboratory at the University of Otago.
All synthetic reagents were purchased from Sigma-Aldrich except
for trifluoroacetic acid (TFA) and 18-crown-6 ether which were pur-
chased from Alfa Aesar, and 2-chloro-2,2′-bipyrdine and 2-chloro-8-
hydroxyquinoline which were purchased from Bepharm. Finally, all
solvents were purchased from Merck Millipore, including DMSO
(product ID: 109678), and all water solutions used for syntheses and
analyses were first purified using a Merck Millipore Milli-Q integral
water purification system.

Non-Radioactive Syntheses of Standards and Precursors

Tricarbonylchloro(6-chloro-2,2′-bipyridine)rhenium(I) Chloride
([Re(6ClBiPy)(CO)3Cl]): A mass of 6ClBiPy (277.5 mg, 1.456 mmol,
1.1 equiv.) was dissolved in a volume of anhydrous toluene (5 mL). A
mass of pentacarbonylrhenium(I) chloride (478.7 mg, 1.3234 mmol,
1.0 equiv.) was then added and the solution was stirred at reflux
under an inert nitrogen environment (5 h). The solution was then
cooled to –20 °C to afford a precipitate. The precipitate was isolated
via vacuum filtration and was washed with cold diethyl ether. The
crude material was then purified over a neutral Brockman grade II
alumina stationary phase using a DCM mobile phase. The combined
fractions were evaporated under reduced pressure to afford a pure
yellow powder (564.2 mg, 86 % yield). 1H NMR (400 MHz, [D6]DMSO,
δ/ppm): δ 9.06 (d, Jd = 4.76 Hz, 1H), δ = –8.76 (d, Jd = 8.12 Hz, 2H),
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δ 8.35 (app. td, Jd = 1.96, Jt = 8.04 Hz, 2H), δ 8.08 (dd, Jd = 0.68,
8.04 Hz, 1H), δ 7.78 (app. td, Jd = 1.80, Jt = 4.56 Hz, 1H). 13C{1H}
NMR (100 MHz, [D6]DMSO, δ/ppm): δ = 197.5C≡O, δ = 197.3C≡O, δ =
189.5C≡O, δ = 157.2, δ = 155.6, δ = 153.2, δ = 152.8, δ = 142.7, δ =
140.3, δ = 128.0, δ = 127.7, δ 125.3, δ = 123.1. FTIR (ATR corr. ν̃ = /
cm–1): ν̃ 3075 (w, C–H sp2 str.), ν̃ 2018 (s, A′(1) C≡O str.), ν̃ 1882 (s,
A′(2) & A′′ C≡O str.). UV/Vis (λ/nm, ε/L mol–1 cm–1): λ 380 (dπ→π*, ε
3375.36), λ 301 (π→π*, ε 14990.57), λ 326 (π→π*, ε 10920.28), λ
233 (π→π*, ε 19259.41). LRMS (ESI+): [M – Cl]+ m/z cald: 460.97, m/z
obvs. 460.95. HRMS (ESI+): [M – Cl]+ m/z cald: 460.9703, m/z obvs.
460.9694 (Δ –2.0 ppm). EA (%): calcd. C 31.46, H 1.42, N 5.64. found
C 31.59, H 1.17, N 5.70.

6-Fluoro-2,2′-bipyridine (6FBiPy): A mass of 6ClBiPy (318.7 mg,
1.672 mmol, 1.0 equiv.) was dissolved in a volume of anhydrous
DMSO (10 mL). Masses of potassium fluoride (1.712 g, 29.466 mmol,
17.6 equiv.) and 18-crown-6 ether (1.567 g, 5.928 mmol, 3.5 equiv.)
were azeotropically dried via dropwise addition of anhydrous aceto-
nitrile at 90 °C under an inert nitrogen gas flow. The ligand solution
was then added to the dried reagents, heated to 90 °C and stirred
under an inert nitrogen environment (96 h). The solution was then
cooled and filtered through a polytetrafluoroethylene (PTFE) mem-
brane (0.2 μm). The filtrate was then purified via reverse phase chro-
matography employing a C18 stationary phase and an acetonitrile/
TFA (0.1 % in water) mobile phase. Lyophilization of the combined
fractions afforded a pink salt which was dissolved in a minimum of
water (20 mL), neutralized with sodium bicarbonate and extracted
into DCM. The combined organic fractions were then dried with
sodium sulfate and evaporated under reduced pressure to afford a
white powder (39.2 mg, 13 % yield). 1H NMR (400 MHz, CDCl3, δ/
ppm): δ 8.74 (d, Jd = 4.20 Hz, 1H), δ 8.50 (d, Jd = 6.48 Hz, 1H), δ 8.45
(d, Jd = 8.04 Hz, 1H), δ 7.96 (q, Jq = 15.84, 8.00 Hz, 2H), δ 7.45 (d,
Jt = 6.52 Hz, 1H), δ 7.00 (dd, Jd = 8.08, 2.80 Hz, 1H). 13C{1H} NMR
(100 MHz, CDCl3, δ/ppm): δ = 163.3 (d, Jd = 237 Hz), δ = 155.1 (d,
Jd = 13 Hz), δ = 154.7, δ = 149.4, δ = 142.0 (d, Jd = 7 Hz), δ = 137.2,
δ = 124.3, δ = 121.4, δ = 118.3 (d, Jd = 4 Hz), δ = 109.6 (d, Jd =
37 Hz). 19F{1H} NMR (376 MHz, CDCl3, δ/ppm): δ = –66.77. LRMS
(ESI+): [M + H]+ m/z cald: 175.07, m/z obvs. 175.14.

Tricarbonylchloro(6-fluoro-2,2′-bipyridine)rhenium(I) Chloride
([Re(6ClBiPy)(CO)3Cl]): A mass of 6FBiPy (65.3 mg, 0.363 mmol,
1.1 equiv.) was dissolved in a volume of anhydrous toluene (8 mL).
A mass of pentacarbonylrhenium(I) chloride (120.0 mg, 0.323 mmol,
1.0 equiv.) was then added and the solution was stirred at reflux
under an inert nitrogen environment (3 h). The solution was then
cooled to –20 °C to afford a precipitate. The precipitate was isolated
via vacuum filtration and was washed with cold diethyl ether. The
crude material was then purified over a neutral Brockman grade II
alumina stationary phase using a DCM mobile phase. The combined
fractions were evaporated under reduced pressure to afford a pure
yellow powder (104.1 mg, 65 % yield). 1H NMR (400 MHz, [D6]DMSO,
δ/ppm): δ 9.06 (app. tq, Jt = 5.48 Hz, Jq = 0.80 Hz, 1H), δ 8.80 (d,
Jd = 8.16 Hz, 1H), δ 8.70 (d, Jd = 7.92 Hz, 1H), δ 8.52 (q, Jq = 8.04 Hz,
1H), δ 8.36 (td, Jt = 8.08 Hz, Jd = 1.52 Hz, 1H), δ 7.80 (m, 2H). 13C{1H}
NMR (100 MHz, [D6]DMSO, δ/ppm): δ = 197.2C≡O, δ = 196.6C≡O (d,
Jd = 16.59 Hz), δ = 188.9C≡O, δ = 164.0, δ = 161.5, δ = 154.4 (d, Jd =
15.92 Hz), δ = 153.1, δ = 145.9 (d, Jd = 10.15 Hz), δ = 140.4, δ =
128.2, δ 125.1, δ = 121.4 (d, Jd = 2.94 Hz), δ = 112.7 (d, Jd =
30.19 Hz). 19F{1H} NMR (376 MHz, [D6]DMSO, δ/ppm): δ –51.75. FTIR
(ATR corr. ν̃ = /cm–1): ν̃ 3040 (w, C–H sp2 str.), ν̃ 2016 (s, A′(1) C≡O
str.), ν̃ 1880 (s, A′(2) & A′′ C≡O str.). UV/Vis (λ/nm, ε/L mol–1 cm–1): λ
369 (dπ→π*, ε 2768.36), λ 296 (π→π*, ε 12485.88), λ 235 (π→π*, ε
15367.33). LRMS (ESI+): [M – Cl]+ m/z cald: 445.00, m/z obvs. 445.10.
EA (%): calcd. C 32.54, H 1.47, N 5.84. found C 32.59, H 1.16, N 5.88.
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Acetonitriletricarbonyl(2-chloro-8-quinolinolate)rhenium(I)
([Re(2Cl8HQ)(CO)3Cl]): A mass of pentacarbonylrhenium(I) chloride
(116.1 mg, 0.321 mmol, 1.0 equiv.) was added to a volume of anhy-
drous acetonitrile (10 mL) and refluxed in an inert nitrogen environ-
ment (4 h) to afford the diacetonitriletricarbonlylrhenium(I) chloride
intermediate. A mass of 2Cl8HQ (63.4 mg, 0.353 mmol, 1.1 equiv.)
was dissolved in a volume of anhydrous acetonitrile (2 mL) and
deprotonated via the addition of sodium hydride (48.0 mg,
2.000 mmol, 6.2 equiv.) over a 0 °C ice bath. The resulting green
solution was then filtered through a PTFE membrane (0.2 μm) and
added to the intermediate solution and left to stir at room tempera-
ture under an inert nitrogen environment (12 h). A volume of aque-
ous trifluoromethanesulfonic acid (0.1 mol L–1, 10 mL) was then
added. The solution was evaporated under reduced pressure to af-
ford a yellow solid in aqueous suspension. The precipitate was iso-
lated via vacuum filtration and purified over a neutral Brockmann
grade II alumina stationary phase using an acetonitrile mobile
phase. The combined fractions were then evaporated under re-
duced pressure to afford a yellow powder (49.8 mg, 32 % yield). 1H
NMR (400 MHz, CD3CN, δ/ppm): δ 8.32 (d, Jd = 8.68 Hz, 1H), δ 7.58
(d, Jd = 8.68 Hz, 1H), δ 7.43 (t, Jt = 7.96 Hz, 1H), δ 7.01 (dd, Jd =
7.96, 0.96 Hz, 1H), δ = 6.92 (dd, Jd = 7.96, 1.04 Hz, 1H), δ 1.96 (s, 3H).
13C{1H} NMR (100 MHz, CD3CN, δ/ppm): δ = 196.6C≡O, δ 195.3C≡O, δ
195.3C≡O, δ = 170.2, δ = 152.3, δ = 144.3, δ = 142.6, δ = 131.2, δ =
130.1, δ = 123.8, δ = 120.8, δ 117.7, δ = 112.4, δ = 30.3. FTIR (ATR
corr. ν̃ = /cm–1): ν̃ 2925.41 (w, C–H sp2 str.), ν̃ 2303.92 (w, N≡C str.),
ν̃ 2016.96 (s, A′(1) C≡O str.), ν̃ 1871.84 (s, A′(2) & A′′ C≡O str.). UV/
Vis (λ/nm, ε/L mol–1 cm–1): λ 437 (dπ→π*, ε 235.06), λ 281 (π→π*,
ε 2340.84), λ 237 (π→π*, ε 3104.80). EA (%): calcd. C 34.32, H 1.65,
N 5.72. found C 34.89, H 1.54, N 5.60.

2-Chloro-8-benzoxyquinoline (2Cl8HQ-OBn): A mass of 2Cl8HQ
(2.40 g, 13.4 mmol, 1.0 equiv.) was dissolved in a volume of anhy-
drous DMF (2.5 mL) alongside a mass of potassium carbonate
(3.69 g, 26.7 mmol, 2.0 equiv.). A volume of benzyl chloride (3.1 mL,
27.4 mmol, 2.0 equiv.) was added dropwise to the solution. The
reaction was stirred at 60 °C in an inert nitrogen environment (3 h).
The solution was then cooled and extracted with DCM (20 × 10 mL).
The combined organic extracts were washed with brine (3 × 20 mL).
The solution was then dried with sodium sulfate and evaporated
under reduced pressure. Recrystallisation from hot ethanolic solu-
tion afforded a pure pink product (3.0 g, 85 % yield). 1H NMR
(400 MHz, CDCl3, δ/ppm): δ 8.06 (d, Jd = 8.60 Hz, 1H), δ 7.50 (d, Jd =
7.36 Hz, 1H), δ 7.40 (d, Jd = 8.56 Hz, 1H), δ 7.36 (m, 1H), δ 7.30 (d,
Jd = 7.06 Hz, 1H), δ 7.06 (dd, Jd = 6.08, 3.00 Hz, 1H). 13C{1H} NMR
(100 MHz, CDCl3, δ/ppm): δ = 153.7, δ = 150.0, δ = 140.0, δ = 138.7,
δ = 137.0, δ = 128.7, δ = 128.3, δ = 127.9, δ = 127.2, δ = 127.1, δ =
127.1, δ = 123.1, δ 119.7, δ = 111.8, δ 71.0.

2-Fluoro-8-benzoxyquinoline (CABS13-OBn): A mass of 2Cl8HQ-
OBn (1.48 g, 5.5 mmol, 1.0 equiv.) was dissolved in a volume of
anhydrous DMSO (10 mL). Masses of potassium fluoride (3.84 g,
66.1 mmol, 12.0 equiv.) and 18-crown-6 ether (5.84 g, 22.1 mmol,
4.0 equiv.) were azeotropically dried via dropwise addition of anhy-
drous acetonitrile at 90 °C under an inert nitrogen gas flow. The
ligand solution was then added to the dried reagents, heated to
160 °C and stirred under an inert nitrogen environment (12 days).
The solution was then cooled and filtered through a polytetrafluo-
roethylene (PTFE) membrane (0.2 μm). The filtrate was purified via
reverse phase chromatography employing a C18 stationary phase
and an acetonitrile/TFA (0.1 % in water) mobile phase. Lyophiliza-
tion of the combined fractions afforded a pink salt which was dis-
solved in a minimum of water (60 mL), neutralized with sodium
bicarbonate and extracted into DCM. The combined organic frac-
tions were then dried with sodium sulfate and evaporated under
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reduced pressure to afford a white powder (357 mg, 26 % yield).
MP: 107 °C, 26 % yield. 1H NMR (400 MHz, CDCl3, δ/ppm): δ 8.22 (d,
Jd = 8.40 Hz, 1H), δ 7.51 (d, Jd = 7.40 Hz, 1H), δ 8.35 (m, 5H), δ 7.10
(m, 2H), δ 5.42 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, δ/ppm): δ =
162.0, δ = 159.5, δ = 153.6 (Jd = 2 Hz), δ = 142.1 (Jd = 9 Hz), δ =
137.7 (Jd = 15 Hz), δ = 137.0, δ = 128.8, δ = 128.2 (Jd = 2 Hz), δ =
128.0, δ = 127.2, δ = 126.3 (Jd = 9 Hz), δ 119.7, δ = 111.8, δ = 110.9,
δ = 110.4. 19F{1H} NMR (376 MHz, [D6]DMSO, δ/ppm): δ = –61.07.

2-Fluoro-8-hydroxyquinoline (CABS13): A mass of 2F8HQ-OBn
(218 mg, 0.859 mmol, 1.0 equiv.) was dissolved in a volume of anhy-
drous acetonitrile (6 mL). Masses of 10wt.-% palladium on activated
carbon (123 mg) and 20wt.-% palladium hydroxide on activated
carbon (125 mg) were added to the reaction in an inert nitrogen
environment. The reaction flask was purged with hydrogen gas and
left to stir (1 h). The solution was filtered through diatomaceous
earth to afford a yellow filtrate. The filtrate was evaporated under
reduced pressure and recrystallised from hot ethanolic solution to
afford a white powder (106 mg), 75 % yield). MP: 62 °C; 1H NMR
(400 MHz, [D6]DMSO, δ/ppm): δ 9.89 (br. s, 1H), δ 8.51 (t, Jt =
8.60 Hz), δ 7.45 (m, 2H), δ 7.32 (dd, Jd = 8.80, 2.76 Hz, 1H), δ 7.14
(dd, Jd = 7.20, 1.64 Hz, 1H). 13C{1H} NMR (100 MHz, [D6]DMSO, δ/
ppm): δ = 159.6 (d, Jd = 238 Hz), δ = 152.5, δ = 143.0 (d, Jd = 10 Hz),
δ = 135.4 (d, Jd = 15 Hz), δ = 127.9, δ = 126.9 (d, Jd = 2 Hz), δ 117.9,
δ = 113.5, δ = 110.2 (d, Jd = 42 Hz) . 19F{1H} NMR (376 MHz,
[D6]DMSO, δ/ppm): δ = –63.53. FTIR (ATR corr. ν̃ = /cm–1): ν̃ 2473
(br. m, O-H str.).

Acetonitriletricarbonyl(2-fluoro-8-quinolinolate)rhenium(I)
([Re(2F8HQ)(CO)3Cl]): A mass of pentacarbonylrhenium(I) chloride
(79.6 mg, 0.220 mmol, 1.0 equiv.) was added to a volume of anhy-
drous acetonitrile (10 mL) and refluxed in an inert nitrogen environ-
ment (4 h) to afford the diacetonitriletricarbonlylrhenium(I) chloride
intermediate. A mass of 2Cl8HQ (63.4 mg, 0.353 mmol, 1.1 equiv.)
was dissolved in a volume of anhydrous acetonitrile (2 mL) and
deprotonated via the addition of sodium hydride (7.2 mg,
0.3000 mmol, 1.4 equiv.) over a 0 °C ice bath. The resulting green
solution was then filtered through a PTFE membrane (0.2 μm) and
added to the intermediate solution and left to stir at room tempera-
ture under an inert nitrogen environment (12 h). A volume of aque-
ous trifluoromethanesulfonic acid (0.1 mol L–1, 10 mL) was then
added. The solution was evaporated under reduced pressure to af-
ford a yellow solid in aqueous suspension. The precipitate was iso-
lated via vacuum filtration and purified over a neutral Brockmann
grade II alumina stationary phase using an acetonitrile mobile
phase. The combined fractions were then evaporated under re-
duced pressure to afford a yellow powder (49.8 mg, 14 % yield). 1H
NMR (400 MHz, CD3CN, δ/ppm): δ 8.51 (dd, Jd = 8.92, 7.04 Hz, 1H),
δ 7.43 (t, Jt = 7.96 Hz, 1H), δ 7.33 (dd, Jd = 8.92, 1.24 Hz, 1H), δ 7.06
(d, Jd = 8.00 Hz, 1H), δ = 6.94 (d, Jd = 7.92 Hz, 1H). 13C{1H} NMR
(100 MHz, CD3CN, δ/ppm): δ 195.9C≡O, δ = 194.9C≡O, δ = 194.2C≡O,
δ = 168.0 (d, Jd = 2 Hz), δ = 161.5 (d, Jd = 256 Hz), δ = 145.0 (d,
Jd = 2 Hz), δ = 139.7, δ = 129.6 (d, Jd = 2 Hz), δ = –128.6, δ = 116.5,
δ = 111.5, δ = 109.8 (d, Jd = 33 Hz). 19F{1H} NMR (376 MHz, CD3CN,
δ/ppm): δ = –56.94. FTIR (ATR corr. ν̃ = /cm–1): ν̃ 2925 (w, C–H sp2

str.), ν̃ 2853 (w, C–H sp2 str.), ν̃ 2322 (w, N≡C str.), ν̃ 2020 (s, A′(1)
C≡O str.), ν̃ 1875 (s, A′(2) & A′′ C≡O str.).

Protocol for Fluorine-18 Radiolabeling and Analysis: Aqueous
[18F]fluoride was produced on an IBA Cyclone 18 Twin Cyclotron via
the 18O(p,n)18F reaction. Microfluidic radiosyntheses were per-
formed in Discovery Mode using a NanoTek LF Microfluidic Synthe-
sis System (Advion) connected to a standard laptop using NanoTek
software v1.4.0 GMP Lite. Microreactors were made of fused silica
tubing coiled tightly into a brass ring and held by a thermoresistant
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polymer. RadioHPLC analyses were carried out using a Shimadzu
system comprised of a CBM-20 controller, LC-20AD pump, SIL-
20AHT autoinjector, SPD-M20A PDA detector and a Lablogic Posi-
RAM gamma detector. Analyses were performed using gradient
conditions over 15 minutes, whereupon the aqueous phase was
held for the first 2 minutes ([18F]6FBiPy and complex) or 3 minutes
([18F]CABS13 and complex) followed by linear transposition from
95:5 to 5:95 water/acetonitrile over the remaining 12 or 13 minutes
at a 2 mL min–1 flow rate (Table 3). Both water and acetonitrile
mobile phases contained 0.1 % v/v of TFA buffer. A Chromolith RP
column (monolith system, Merck 50 × 4.6 mm), demonstrated to
have < 8 % [18F]fluoride retention in low pH ranges,[22] was em-
ployed as the stationary phase. RadioHPLC derived non-isolated
RCYs were calculated via the integrated peak area ratio between
the radioproduct and other radioactive species present, inclusive of
any unreacted [18F]fluoride, using Laura V4.1.70 SP2 HPLC data anal-
ysis software. Integrations were performed over the appropriate
30 s retention time windows of the radiochromatograms corre-
sponding to each peak; 1:50–2:20 min for [18F]6FBiPy, 5:30–
6:00 min for [18F][Re(6FBiPy)(CO)3Cl], 6:15–6:45 min for
[18F]CABS13 and 7:30–8:00 min for [18F][Re(CABS13)(CO)3-
(NCCH3)].

Table 3. HPLC gradient profiles for the elution of [18F]6FBiPy and
[18F][Re(6FBiPy)(CO)3Cl], as well as [18F]CABS13 and
[18F][Re(CABS13)(CO)3(NCCH3)]. Both analyses were acquired over 15.2 min,
using a 2 mL min–1 flow rate over an octadecylsilane RP monolithic stationary
phase (Merck Chromolith column). Both acetonitrile and water mobile phase
solvents additionally contained 0.1 % v/v of TFA buffer.

Radiotracers Time (min) Acetonitrile [%] Water [%]

2 0 100
[18F]6FBiPy and 0.1 5 95
[18F][Re(6FBiPy)(CO3)Cl] 13 95 5

0.1 95 5

3 0 100
[18F]CABS13 and 0.1 5 95
[18F][Re(CABS13)(CO3)(NCCH3)] 12 95 5

0.1 95 5
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