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Abstract

Positron emission tomography (PET) is an increasingly important biomedical imaging technique
that relies on the development of radiotracers labeled with positron-emitters to achieve
biochemical specificity. Fluorine-18 (t1» = 109.7 min) is an attractive positron-emitting radiolabel
for organic radiotracers, primarily because of its longer half-life and greater availability relative to
those for the main alternative, carbon-11 (t1/2 = 20.4 min). Rapid simple methods are sought for
labeling prospective PET radiotracers with fluorine-18 from cyclotron-produced aqueous
[18F]fluoride ion, which must often be converted first into a suitably reactive labeling synthon for
use in a subsequent labelling reaction. Use of 18F-labeled synthons in “click chemistry’ attracts
increasing attention for labeling PE Tradiotracers. Here we describe rapid single-step
radiosyntheses of azido- or azidomethyl-bearing [18F]fluoroarenes from the reactions of
diaryliodonium salts with no-carrier-added [*8F]fluoride ion within a microfluidic apparatus to
provide previously poorly accessible 18F-labeled click synthons in radiochemical yields of 15%
for [18F]4-fluorophenyl azide and about 40% for each of the [*8F](azidomethyl)-fluorobenzenes.
The radiosyntheses of the latter synthons was possible under ‘wet conditions’, so obviating the
need to dry the cyclotron-produced [*8F]fluoride ion and greatly enhancing the practicality of the
method.
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Introduction

Efficient and rapid methods for labeling organic compounds with the short lived positron-
emitter fluorine-18 (t12 = 109.7 min) are sought for producing novel radiotracers for
biomedical imaging with positron emission tomography (PET).[X] Fluorine-18 can be
obtained in high yields and in high specific radioactivity from a cyclotron by the use of

the 180(p,n)18F reaction on 180-enriched water.[?] This process provides the fluorine-18 as
aqueous [*8F]fluoride ion. Methods for producing 18F-labeled radiotracers from this source
must either use [18F]fluoride ion directly or proceed through conversion of the [18F]fluoride
ion into a labeling synthon. 18F-Labeled organoazides are potentially useful synthons in
‘click radiochemistry’, based on the well-known mild, rapid and efficient copper(l)-
catalyzed azide-alkyne 1,3-dipolar cycloaddition reaction[3], for attaching fluorine-18 to
biomolecules, especially macromolecules.[*] Despite the attractive features of the ‘click
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reaction’ itself for radiolabeling, the prior preparation of a suitable radioactive synthon is
still necessary and radiosynthetically demanding.

[18F]Fluorolkyl azidesl®! and [18F]azidobenzy! fluorides®! have been explored as labeling
synthons in click radiochemistry. Generally, these labeling synthons may be prepared in a
single efficient step from [18F]fluoride ion. However, potential radiotracers prepared from
these synthons may be prone to radiodefluorination in vivo.[”] Such radiodefluorination
results in uptake of [*8F]fluoride ion into bone which may compromise the performance of
the radiotracer. Because aryl C-18F bonds are usually more stable than alkyl C-18F bonds in
vivo, azide synthons with fluorine-18 attached to an aryl ring have been sought. Hashizume
et al.[8] reported the synthesis of several [18F]fluorophenyl azides ([18F]1a—f; Figure 1)
through isotopic exchange of [18F]fluoride ion with fluorophenyl azides, and they used these
synthons to label a protein, cytochrome C, photochemically. The decay-corrected
radiochemical yields (RCYs) of the [18F]fluorophenyl azides were very low (0-12%).
Moreover, a major disadvantage of such exchange labeling is that the resultant specific
radioactivity of the labeled synthon and of any derived radioactive product becomes greatly
decreased from that of the no-carrier-added (NCA) [*8F]fluoride ion source. [18F]1-
(Azidomethyl)-4-fluorobenzene ([18F]2a; Figure 1) has been used as a labeling synthon to
prepare 18F-labeled peptides,[910] sometimes in excellent RCYs (19-90%). Potential to use
this synthon to label oligonucleotides quantitatively has also been demonstrated.[!1]
Nonetheless, the reported radiosynthesis of [18F]2a required four radiochemical steps from
4-formyl N,N,N-trimethylanilinium triflate performed over 75 min and gave a low overall
RCY (34%).[%1 This type of procedure was recently automated to give [18F]2a in RCYs up
t0 60% and the ortho isomer [18F]2b in 30% RCY.[12]

Herein, we describe rapid one-step radiosyntheses of various [18F]fluoroarenes bearing
azide functionality from azide-functionalized diaryliodonium salts as accessible ‘18F-labeled
click synthons’, including [18F]2a and [18F]2b.

Results and Discussion

Diaryliodonium salts have served as uniquely effective precursors for introducing
[18F]fluoride ion into electron-rich as well as electron-deficient aryl rings (Figure 2).[13-15]
Such diaryliodonium salts are gradually gaining application in the preparation of PET
radiotracers, as improved methods for the synthesis of elaborate diaryliodonium salts
become available.[16]

We considered that the use of diaryliodonium salt precursors might permit advantageous
single-step radiosyntheses of click synthons, such as [18F]1f and [18F]2a, because the azide
group is regarded as electronically neutral, and like other electronically neutral groups might
be expected to be well-tolerated in the radiofluorination of diaryliodiodonium salts. An
electron-rich aryl ring, such as a 4-methoxypheny! or 2-thienyl ring, is generally known to
direct [*8F]fluoride into a relatively electron-deficient ring in a diaryliodonium salt.[13-15]
Accordingly, we sought a convenient method for preparing diaryliodonium salts having an
azide group directly or indirectly attached to one aryl ring, with the other ring being
relatively electron-rich. Moreover, we wished to avoid highly nucleophilic or fluorine-
containing anions to prevent competing reaction or dilution of specific radioactivity,
respectively, in the radiofluorination process. Recently, we have reported success in
preparing functionalized diaryliodonium tosylates by generating reactive
[hydroxy(tosyl)iodo]arenes in situ for reaction with activated arenes or arylstannanes.[17]
Yamamoto and Togol!8] have reported the syntheses of [hydroxy(sulfonyloxy)iodo]arenes
from iodoarenes and mCPBA (m-chloroperbenzoic acid) in the presence of various sulfonic
acids. Because this method uses a mild oxidizing agent under ambient temperature, we were
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attracted to its use for preparing azide-bearing [hydroxy(tosyloxy)iodo]arenes that might
then be converted in situ into the target diaryliodonium tosylates by treatment with anisole
or thiophene (Figure 3).

With this one-pot approach, we were successful in converting iodoaryl azides into azide-
bearing diaryliodonium tosylates in moderate to good yields (53-74%, Scheme 1). Many of
the prepared diaryliodonium tosylates were also conveniently converted into diaryliodonium
halides in excellent yields (76-92%) by treatment with inorganic halides in aqueous
acetonitrile (Scheme 1).

The prepared azide-bearing diaryliodonium salts (3—14) were of two types, those in which
the azide group was attached directly to the aryl ring (3, 4, 9 and 10) and those in which the
azide group was linked to the aryl ring by a methylene group (5-8 and 11-14). Each salt was
subjected to labeling with NCA [*8F]fluoride ion in the commercial microfluidic apparatus
that we have described previously.[14 Thus, dried [18F]fluoride ion-kryptofix 2.2.2 complex
(18F~-K 2.2.2- K*) was dissolved in reaction solvent, either DMF or MeCN. A solution of
the diaryliodonium salt was prepared in matching solvent. Each reagent solution was then
loaded into a storage loop. Reaction was implemented by infusing each reagent solution into
the micro-reactor at equal set rates (4-10 j.L/min) and at a fixed temperature. Effluents were
quenched with agq. MeCN and analyzed with reverse phase HPLC equipped with a
radioactivity detector. Reaction temperature and time were varied to obtain optimal RCYs.
Radioactivity adsorption is a well-known phenomenon in radiofluorination with dry NCA
[18F]fluoride ion.[X%] In this study, adsorption of radioactivity within the microfluidic
apparatus was overall generally moderate but somewhat variable (25 + 9%; mean + SD, n =
22).

For substrates having an azide group attached directly to the aromatic ring, low RCY's of
[18F]1-azido-4-fluorobenzene ([*8F]1f) or [18F]1-azido-3-fluorobenzene ([18F]1g) were
obtained in DMF from tosylates (Table 1, entries 1 and 5). Changing solvent to acetonitrile
(entry 3) or the anion to chloride (entries 4 and 7) gave similar or lower RCYs.
Accompanying formation of [18F]4-fluoroanisole was relatively low. Hashizume et al.[8]
failed to produce [*8F]1f by exchange of 1f with [18F]fluoride ion, and hence these results
show some benefit of using an iodonium salt precursor. Nonetheless, the low RCY's are
surprising given that analogous diaryliodonium salts, only differing by having a non
electron-withdrawing substituent (e.g., Me, MeO) other than azide, give high radiochemical
yields of the substituted radiofluorinated arenes under comparable conditions.[14:15]
Inclusion of the free radical scavenger, TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl) in
some fluoridation reactions of diaryliodonium salts has been reported to give improved
yields.[201 We found that inclusion of TEMPQ improved the RCY of [18F]1f appreciably
(c.f., entries 1 and 2) but had less effect on the RCY of [18F]1g (c.f., entries 5 and 6). In
view of the still modest RCYs for [18F]1f and [18F]1g, we decided to explore the
radiofluorination of diaryliodonium salts having the azido group indirectly linked to an aryl
ring.

Gratifyingly, the radiofluorination of the aryl(4-methoxyphenyl)iodonium toyslates bearing
azidomethyl groups generally proceeded rapidly in DMF to give the desired 18F-labeled
fluorobenzyl azides in useful RCYs (~ 40%), irrespective of the position of the azidomethyl
group on the aryl ring (Table 2, entries 1-3). Replacement of the 4-methoxy aryl ring in the
salt with a 2-thienyl ring reduced the attainable RCY to 14% (Table 2, c.f., entries 4 and 1).
Variation in optimal RCYs with salt counterion was small (Table 2, entries 1-3 and 5-8).
When the radiofluorinations of the four 4-azidomethylphenyl(4-methoxyphenyl)iodonium
salts (5, 11-13) were compared under conditions of identical temperature (160 °C) and
reaction time (188 s), the chloride salt gave the highest RCY (Table 3).
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When radiofluorinations were performed at high temperature (> 180 °C), a small amount of
[18F]fluorobenzaldehyde (< 3% RCY) was also produced, as detected by radio-HPLC
(Figure 4). This radioactive product presumably arises through aerobic oxidation of the
[18F]fluorobenzyl azide. Otherwise, all the radiofluorinations proceeded cleanly and
selectively to the desired [18F]fluorobenzyl azides, with only [18F]4-fluoroanisole appearing
as a minor byproduct.

Because [*8F]fluoride ion is generally produced by proton irradiation of 180-enriched water,
the first stage in radiotracer synthesis is virtually always removal of the water to generate
highly nucleophilic ‘naked’ [18F]fluoride ion.[X] This can be a tedious and lengthy process,
that wastes useful radioactivity. We have previously shown that radiofluorinations of
diaryliodonium salts in DMF proceed effectively even in the presence of low concentrations
of water (0.25 vol.-% in DMF).[24] With a view to developing a more streamlined procedure
for preparing the click synthons, [18F]2a—c, we investigated the radiofluorination of azide-
functionalized diaryliodonium salts with “wet’ cyclotron-produced NCA [*8F]fluoride ion.
Thus, one of the storage loops of the microfluidic apparatus was loaded with a mixture of
cyclotron-produced [*8F]fluoride ion in [180]water and a solution of potassium carbonate
and K 2.2.2 in DMF. The concentration of water in this storage loop was ~ 70 vol.-%. The
radiofluorination of the p-azidomethyl salt 5 in aqueous DMF in this format produced a low
but appreciable RCY (17%) of [18F]2a, while remarkably the radiofluorination of the o-
azidomethyl salt 7 produced the synthon [18F]2b in very useful RCY (46%) (Table 4).
Radiofluorination of 7 in aqueous MeCN also gave [18F]2b in even higher RCY (53%) in a
shorter reaction time and at lower temperature. This RCY even exceeds that obtained under
dry conditions (41%; Table 2, entry 2). These results show a tolerance of the
radiofluorination of iodonium salts for the presence of high concentrations of water, in this
case 35 vol-.%. Again they show the tolerance of these reactions to bulky non-electron
withdrawing substituents in ortho position to the hypervalent iodine. These are distinct
advantages over traditional radiofluorination through aromatic nucleophilic substitution
reactions.

The very rapid production of [18F]2b in moderate radiochemical yield under ‘wet’
radiofluorination conditions, avoiding the need to dry the cyclotron-produced [18F]fluoride
ion, is highly attractive for application of this synthon to the click labeling of
macromolecules or even small molecules. Aqueous DMF and MeCN are often used a
solvents for click chemistry, and hence conceivably the synthons [*8F]2a—c may be used in
the solvents in which they are prepared. The radiosyntheses and use of these labelling
synthons should be highly amenable to simple automation for radiation safety, and therefore
to operation with very high amounts of radioactivity.

Conclusions

In summary, azide-bearing diaryliodonium salts were readily prepared. Those bearing an
azidomethyl group on one aryl ring, and having a partner 4-methoxyphenyl ring, were
readily radiofluorinated with cyclotron-produced NCA [18F]fluoride ion, even in the
presence of a high proportion of water, to give the useful click labeling synthons [18F]2a—c
rapidly in useful RCYs. This represents a major advance on the previous multi-step
radiosyntheses[®12] of [18F]2a and [18F]2b, which required a drying stage and four
radiochemical steps. The synthons [18F]2a—c are now readily accessible for application in
click radiochemistry.
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Experimental Section

Materials

General

Anhydrous chloroform and acetonitrile were purchased in Sure/Seal™ bottles from Sigma-
Aldrich (Milwaukee, WI) and used without further treatment. lodobenzyl bromide,
fluorobenzyl bromide, mCPBA, and pTsOH-H,0 were purchased from Sigma-Aldich and
used as received. lodobenzyl azides used were prepared according to a known procedure.[21]
Fluorobenzyl azides were prepared similarly from fluorobenzyl bromides. All other reagents
were purchased from either Sigma-Aldrich or Alfa Aesar (Ward Hill, MA) and used without
purification. Acetonitrile (high purity solvent, Burdick & Jackson; Morristown, NJ) for
HPLC was also used without further treatment. QMA anionic resin cartridges were supplied
by ORTG (Oakdale, TN). NCA [18F]fluoride ion was obtained through the 180(p,n)18F
nuclear reaction by irradiating [18O]water (95 atom %) for 90120 min with a proton beam
(17 MeV; 20 pA) produced with a PETrace cyclotron (GE Medical Systems; Milwaukee,
MI).

1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded at room temperature on
Avance-400 spectrometer (Bruker; Billerica, MA). 1H and 13C chemical shifts are reported
in Sunits (ppm) downfield relative to the signal for tetramethylsilane. Abbreviations br, s, d,
t, and m denote broad, singlet, doublet, triplet, and multiplet, respectively. High resolution
mass spectra (HRMS) were acquired from the Mass Spectrometry Laboratory, University of
Illinois at Urbana-Champaign (Urbana, IL, USA) under electron ionization conditions using
a double-focusing high-resolution mass spectrometer (Autospec; Micromass Inc., USA).
Melting points were measured with a Mel-Temp manual melting point apparatus
(Electrothermal; Fisher Scientific, Pitsburg, PA).

Note—Many organoazides with high azido content are known to be explosive.[22] Great
care should be exercised during the heating needed for diaryliodonium salt synthesis (mostly
~ 40 °C, with up to 7 mmol of organic azide in this study). Due to possible friction and
impact-sensitive character, the isolation of the final iodonium salts should be conducted in a
properly shielded hood with safety precautions. Also, the test of complete consumption of
MCPBA should be performed with either aqueous potassium iodide or Kl starch paper to
ensure absence of organic peracids after the reaction.[23]

General procedure for diaryliodonium tosylate synthesis

Azide-functionalized diaryliodonium tosylates were readily obtained in a single-step from
the corresponding iodoarenes with mCPBA/pTsOH-H,0 and an electron-rich arene such as
anisole and thiophene. The procedure is exemplified by the synthesis of 3.

4-Azidophenyl(4’-methoxyphenyl)iodonium tosylate (3)

MCPBA (0.49 g, 2.2 mmol, 77% max. content) was added to a stirred solution of 1-azido-4-
iodobenzene (0.49 g, 2.0 mmol) in CHCI3 (20 mL) at r.t. The mixture was stirred at r.t. until
it became a pale yellow solution (ca. 15 min). pTsOHH,0 (0.42 g, 2.2 mmol) was added,
followed by anisole (1.08 g, 10 mmol). The reaction mixture was gradually heated to 40 °C
and held at this temperature for about 2 h while the mixture became a yellow solution.
Consumption of 1-azido-4-iodobenzene was monitored by TLC (R; = 0.53, hexane) and
formation of intermediate [hydroxy(tosyl)iodo]arene was verified with K1 starch paper.
Reaction solvent was then removed in vacuo. The residual yellow oil was triturated with
Et,0, giving a solid that was washed with Et,O and recrystallized from MeOH/Et,0 to give
3 (white solid; 0.58 g, 56%). mp = 150-151 °C; IH-NMR (MeOD-d,) §8.11-8.05 (m, 4H),
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7.69 (d, J = 8 Hz, 2H), 7.23-7.17 (m, 4H), 7.05 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H), 2.36 (s,
3H); 13C-NMR (MeOD-d,) 5164.7, 146.6, 143.8, 141.8, 138.6, 138.0, 130.0, 127.1, 123.6,
119.0, 110.4, 105.1, 56.5, 21.4; HRMS [M—OTs].* Calc’d. for Cy3H;;N3OI: 351.9947,
Found: 351.9947.

The following diaryliodonium tosylates were prepared similarly.

3-Azidophenyl(4’-methoxyphenyl)iodonium tosylate (4)

White solid (0.71 g, 68%). mp = 143-145 °C; 1H-NMR (MeOD-dj,) §8.12-8.08 (m, 2H),
7.87-7.83 (m, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.49 (t, J = 8 Hz, 1H), 7.36-7.33 (m, 1H), 7.21
(d, J= 7.6 Hz, 2H), 7.08-7.05 (m, 2H), 3.84 (s, 3H), 2.36 (s, 3H); 13C-NMR (MeOD-d,) §
164.8, 144.8, 143.8, 141.8, 138.9, 134.1, 132.0, 129.9, 126.3, 124.1, 119.1, 116.9, 104.7,
56.5, 21.5; HRMS [M—-OTs].* Calc’d. for C13H11N3Ol: 351.9947, Found: 351.9951.

[4-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium tosylate (5)

White solid (0.72 g, 74%). mp = 149-151 °C; IH-NMR (MeOD-d,) §8.12-8.06 (m, 4H),
7.67 (d, J=8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 8 Hz, 2H), 7.05 (dd, J = 2, 9.2
Hz, 2H), 4.78 (s, 2H), 3.84 (s, 3H), 2.36 (s, 3H); 13C-NMR (MeOD-d,) 5164.7, 143.8,
142.6, 141.8, 138.7, 136.5, 132.6, 130.0, 127.1, 119.0, 115.7, 104.7, 56.5, 54.6, 21.5; HRMS
[M-OTs].* Calc’d. for C14H13N30l: 366.0103, Found: 366.0107.

[2-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium tosylate (6)

White solid (0.78 g, 73%). mp = 167-169 °C; 1H-NMR (MeOD-d,) §8.30 (d, J = 8.4 Hz,
1H), 8.09 (dd, J =2, 9.2 Hz, 2H), 7.70-7.67 (m, 4H), 7.49-7.45 (m, 1H), 7.21 (d, J= 8 Hz,
2H), 7.06 (dd, J = 2, 8.8 Hz, 2H), 4.74 (s, 2H), 3.84 (s, 3H), 2.36 (s, 3H); 13C-NMR
(MeOD-dy) 5§164.5, 143.7, 141.8, 139.3, 138.8, 138.6, 134.6, 133.3, 133.1, 129.9, 127.1,
119.8, 119.0, 104.5, 57.4, 56.5, 21.4; HRMS [M-OTs].* Calc’d. for C14H13N30I: 366.0103,
Found: 366.0096.

[3-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium tosylate (7)

White solid (0.82 g, 69%). mp = 136-138 °C; 1H-NMR (MeOD-dy) §8.15 (s, 1H), 8.1~
8.07 (M, 3H), 7.71-7.64 (m, 3H), 7.53 (t, J = 8 Hz, 1H), 7.22 (d, J = 7.6 Hz, 2H), 7.06 (dd, J
=2, 6.8 Hz, 2H), 4.47 (s, 2H), 3.84 (s, 3H), 2.37 (5, 3H); 13C-NMR (MeOD-d,) §164.8,
143.8,142.1, 141.8, 138.8, 135.6, 135.4, 133.4, 133.2, 130.0, 127.1, 119.1, 116.8, 104.7,
56.5, 54.5, 21.5; HRMS [M-OTs].* Calc’d. for C14H13N30I: 366.0103, Found: 366.0105.

[4-(Azidomethyl)phenyl](2’-thienyl)iodonium tosylate (8)

White solid (0.38 g, 53%). mp = 163-165 °C; 1H-NMR (MeOD-d,) §8.17 (d, J = 8.4 Hz,
2H), 8.01 (dd, J=1.2, 4 Hz, 1H), 7.88 (dd, J = 1.2, 5.6 Hz, 1H), 7.69 (d, J = 8 Hz, 2H), 7.50
(d, J=8.4 Hz, 2H), 7.22 (d, J= 8 Hz, 2H), 7.17 (dd, J = 5.6, 9.2 Hz, 1H), 4.49 (s, 2H), 2.36
(s, 3H); 13C-NMR (MeOD-d,) §143.7, 142.9, 142.4, 141.8, 138.8, 136.3, 132.7, 131.0,
130.0, 127.1, 118.1, 99.3, 54.6, 21.5; HRMS [M-OTs].* Calc’d. for C11HgN3SI: 341.9562,
Found: 341.9559.

Syntheses of diaryliodonium halides

Diaryliodonium chlorides, bromides and iodides were obtained from the corresponding
diaryliodonium tosylates by anion metathesis with sat. NH4ClI (aq), sat. KBr (aq), and sat.
Kl (aq), respectively, as explified for 9.

European J Org Chem. Author manuscript; available in PMC 2014 February 12.
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4-Azidophenyl(4’-methoxyphenyl)iodonium chloride (9)

4-Azidophenyl(4’-methoxyphenyl)iodonium tosylate (3, 0.20 g, 0.38 mmol) was dissolved
in MeCN/H,0 (H,0 10 vol.- %, 2 mL) at r.t. and heated to 50 °C. The mixture became a
clear solution and was stirred for a further 5 min at 50 °C. Sat. NH4ClI (aqg) was added
dropwise. The reaction mixture was slowly cooled to r.t. over 30 min. A white solid
precipitated out, and this was filtered off, washed with ice-cold water (2 mL) and Et,0 (20
mL), and further dried in vacuo for 3 h to give 9 (0.13 g, 84%). mp = 180-182 °C; 1H-NMR
(DMF-d;) 68.21 (d, J = 8.8 Hz, 2H), 8.14 (d, J= 9.2 Hz, 2H), 7.21 (d, J= 8.8 Hz, 2H), 7.05
(d, J=9.2 Hz, 2H), 3.86 (s, 3H); 13C-NMR (DMF-d;) §162.6, 143.1, 137.0, 136.6, 122.0,
117.3,117.2, 111.7, 55.7; HRMS [M-CI].* Calc’d. for C13H11N30l: 351.9947, Found:
351.9949.

The following diaryliodonium halides were prepared similarly.

3-Azidophenyl(4’-methoxyphenyl)iodonium chloride (10)

White solid (0.11 g, 91%). mp = 182-184 °C; IH-NMR (DMSO-dg) §8.12 (dd, J=2.4, 7.2
Hz, 2H), 7.98 (t, J= 2 Hz, 1H), 7.02 (dt, J= 0.8, 5.6 Hz, 1H), 7.47 (t, J= 8.4 Hz, 1H), 7.33-
7.30 (m, 1H), 7.03 (dd, J = 2, 6.8 Hz, 2H), 3.79 (s, 3H); 13C-NMR (DMSO-dg) §161.5,
141.6, 136.9, 132.3, 130.7, 124.9, 121.8, 120.6, 117.1, 108.8, 55.6; HRMS [M-CI].* Calc’d.
for C14H13N30l: 351.9947, Found: 351.9957.

[4-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium chloride (11)

White solid (89 mg, 76%). mp = 163-165 °C; 'H-NMR (DMSO-dg) §8.11 (dd, J = 7.6, 15.2
Hz, 4H), 7.44 (d, J = 7.6 Hz, 2H), 7.02 (d, J = 8 Hz, 2H), 4.52 (s, 2H), 3.78 (s, 3H); 13C-
NMR (DMSO-dg) §161.5, 139.2, 136.8, 134.9, 130.8, 119.0, 117.1, 108.5, 55.6, 52.7;
HRMS [M-CI].* Calc’d. for C14H13N3Ol: 366.0103, Found: 366.0106.

[4-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium bromide (12)

White solid (0.10 g, 77%). mp = 176-177 °C; 'H-NMR (DMSO-dg) §8.15 (dd, J=8, 12.4
Hz, 4H), 7.46 (d, J = 8 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 4.53 (s, 2H), 3.79 (s, 3H); 13C-
NMR (DMSO-dg) §161.7, 139.5, 137.0, 135.0, 131.0, 117.9, 117.2, 107.3, 55.6, 52.3;
HRMS [M-I1].* Calc’d. for C14H13N30l: 366.0103, Found: 366.0104.

[4-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium iodide (13)

White solid (0.15 g, 92%). mp = 152-153 °C; 'H-NMR (DMSO-dg) §8.17 (dd, J =8, 10.8
Hz, 4H), 7.48 (d, J = 8 Hz, 2H), 7.06 (d, J = 8.8 Hz, 2H), 4.54 (s, 2H), 3.79 (s, 3H); 13C-
NMR (DMSO-dg) 5161.8, 139.7, 137.1, 135.1, 131.1, 117.3, 117.0, 106.3, 55.7, 52.6;
HRMS [M-I].* Calc’d. for C14H;3N30!l: 366.0103, Found: 366.0105.

[3-(Azidomethyl)phenyl](4’-methoxyphenyl)iodonium chloride (14)

White solid (0.13 g, 83%). mp = 177-179 °C; IH-NMR (DMF-d;) §8.27 (s, 1 H), 8.19-8.15
(m, 3H), 7.63 (d, = 7.6 Hz, 1H), 8.14 (t, J = 8 Hz, 1H), 7.05 (d, J = 9.2 Hz, 2H), 4.60 (s,
2H), 3.85 (s, 3H); 13C-NMR (DMF-dy) §162.6, 139.8, 137.1, 134.4, 134.3, 131.7, 131.0,
122.4,117.3, 110.9, 55.7, 53.5; HRMS [M-CI].* Calc’d. for C14H13N310: 366.0103, Found:
366.0107.

Radiochemistry

Dry radiofluorination—Cyclotron-produced NCA [18F]fluoride ion (3.7-7.4 GBq) in
[180]water (250400 L) was adsorbed onto a QMA anionic resin cartridge within a CE
module of a NanoTek apparatus (Advion; Louisville, TN), and then released with a solution
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of KoCO3 (0.8 mg; 5 nmol) plus K 2.2.2 (4.5 mg; 11 nmol) in MeCN-H,0 (9: 1 v/v; 450
pL) into a 2-mL V-vial. The solution was dried by two successive cycles of azeotropic
evaporation with acetonitrile (0.6 mL) under nitrogen flow at 95 °C. Dried 18F~-K 2.2.2-K*
complex (3.7-5.5 GBq) was dissolved in reaction solvent (typically, DMF or MeCN; 260
uL). A solution of diaryliodonium salt (10 mM) was prepared in matching solvent. Each
solution (260 L) was loaded into a separate storage loop of the microfluidic apparatus. (The
detailed configuration of the microfluidic system has been described in our earlier
publication).[¥4] For radiofluorination reaction, each solution (10-20 pL) was infused
simultaneously into the micro-reactor (4-m coiled glass silica tube; internal diameter, 100
pm; internal volume, 31.4 pL) of the apparatus at a set flow rate in the range 8-20 pL/min
and at a pre-set temperature. The micro-reactor output was directly quenched with MeCN-
H,0 (1: 1 v/v; 3 mL). The RCYs of products were measured by reverse phase radio-HPLC
on a Luna C18 column (250 x 4.6 mm i.d., 10 pm; Phenomenex, Torrance, CA) eluted at
1.75 mL/min with a gradient of MeCN-H,O (60: 40, v/v) with the percentage of MeCN
increased linearly from 60 to 90% over 7 min. Radioactive products were identified by their
comobility with reference fluoro compounds. These chromatographically determined RCYs
were corrected for adsorption of radioactivity in the apparatus, to give RCYs from the total
[18F]fluoride ion originally introduced into the micro-reactor. Amounts of precursor,
temperature and flow rates were varied to obtain high RCYs.

Wet radiofluorination—Cyclotron-produced no-carrier-added [*8F]fluoride ion (3.7-7.4
MBq) in [*80]water (200 ;L) from the cyclotron target was mixed with DMF (200 L) and
K 2.2.2 (3 mg)-K,CO3 (0.5 mg) solution in ag. MeCN (5% vol.-%, 100 pL). The solution
was left to stand for 5 min at r.t., and loaded into a storage loop of the microfluidic
apparatus. Reactions were then implemented and analyzed as for dry radiofluorination
reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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["®F]1a,a=c=e=H;b=d=F/"®F
['"®F]1b,a=c=d=F/"®F;b=d=H

[ F1c,a=b=c=d=e=F/18F
["®F|1d,a=d=e=H;b=c=F/"%F
['®F]1e,a=b=e=H;c="8F,d = NO,
["®F|1f a=b=d=e=H;c="8F

Figure 1.
Previously reported [*8F]fluoroaryl azides.

['®F]2a, X = 4-5F
['®F]2b, X = 2-'%F

European J Org Chem. Author manuscript; available in PMC 2014 February 12.

Page 10



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Joong-Hyun and Pike

18-
F Ar8F + Ar
or
Arl + Ar'18F

Ar—I*-Ar'
-

Figure 2.
Radiosynthesis of [18F]fluoroarenes from diaryliodonium salts.

European J Org Chem. Author manuscript; available in PMC 2014 February 12.

Page 11



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Joong-Hyun and Pike

N3 mCPBA N3 PTSOHHO Ny N
(1.1 equiv.) R (1.1 equiv) OTs| ArH |
Q' — | I I—Ar
R © “OTs
reactive A>-iodane intermediate O _
generated in situ = CgHa or CHaCeHa
O ArH = anisole, thiophene

R= §\OJ\©/C|
Figure 3.

mMCPBA-mediated one-pot syntheses of azide—bearing diaryliodonium tosylates.
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R i. mCPBA, RT.
ii. pTSOHH R/ =\ =+ iv.MX aq. MeCN R/=\ +
/ I\ L = N A @—I—Ar
— iii. ArH, CHCI, oTe M
R = N3 or CHNy 40°C Ar = 4-methoxyphenyl X =Cl. Brorl

or 2-thieny!

X X
i N3 1 N3
~ O
Ny NF oM X
3 e OMe

3,X=0Ts (69%) 4,X=0Ts (69%) 5 X = OTs (74%)

9. X=Cl (83%) 10, X=Cl (83%) };i:g'r ((77;5::)1
13, X=1  (92%)
N3 N3 N, ., S
| <\ />—0Me \ / l—<\_/>~0Me ‘OTs
“OTs X
6 (53%) 7,X=OTs (69%) 8 (53%)

14,X=Cl (83%) _

Scheme 1.
One-pot syntheses of diaryliodonium tosylates from iodoaryl azides and subsequent

Page 13

conversion into their corresponding halides. General reaction conditions: i) iodoaryl azide (1
equiv.), MCPBA (1.1 equiv.); ii) pTSOH-H,0 (1.1 equiv.), iii) CHCI3 and ArH (excess, 5-10

fold); iv) MX = NH4CI (9-11, 14), KBr (12) or Kl (13).
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unreacted '*F

2000 =

1605C

160=C
140eC

120°C

Figure 4.

4.1 mn

48 min

Radio-HPLC chromatograms for the analysis of radioactive products from the
radiofluorination of 11 in the temperature range 120-200 °C.
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Table 1

Page 15

RCYs of radioactive products from the radiofluorination of azide-functionalized diaryliodonium salts in DMF.

Ny
|
@—r + mo—@—‘“-‘

BrlK222K

OMe ————=

3, pN4, X = OTs
4, mNy, X =0Ts

DMF

["CFJAF, pN,
['3F]1g. MM

9, pNy, X = CI
10, MmN, X = Cl
Entry Substrate Conditions][a] RCY [%][b]
Temp. Time [t8F]Click [*8F]4-
[°C] [s] synthon Fluoro-
anisole
1 3 160 188 [18F]4f, 10 0.7
olc] 3 160 188 ['8F]1f, 15 17
3ld] 3 160 126 [18F]1f, 12 0
4 9 160 188 [18F]1f, 9 0.6
5 4 160 188 [*8F]1g,10 1
slcl 4 160 188 [*8F]1g,12 07
7 10 180 118 [*8F]1g, 4 0

[a]
[b]
SD,n=7).
[d

[d

Reaction performed in MeCN.
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Conditions are those giving optimal RCY from ~ 8 runs under various conditions.

Reaction mixture included 1 equiv. of TEMPO with respect to the iodonium salt.

RCY's were determined chromatographically and are corrected for radioactivity adsorption in the apparatus. Adsorption was 29 + 12% (mean +
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Table 2

Single-step NCA radiofluorination of diaryliodonium salts bearing azidomethyl groups in DMF.

?HQN:_:, . ?HgNg
(ﬂ:\ a F-K222K TN rer . arer
— DMF —

5, pCH,N3, Ar=4-MeOCgH, X =0Ts ['®F]2a, pCH;N;
6, o0CH;N3, Ar=4-MeOCgH,; X =0Ts ['®F]2b, oCH.N;
7, mCH-N3, Ar = 4-MeOCgH,4 X = OTs ['®F]2¢c, mCH2N;
8, pCHoN3, Ar = 2-thienyl, X =0Ts

11, pCH;N3, Ar = 4-MeOCgH,; X =Cl

12, pCH;Na, Ar = 4-MeOCgH, X = Br

13, pCHyNa3, Ar = 4-MeOCgH, X =1

14, MCH,N3, Ar = 4-MeOCgH, X = Cl

Entry Substrate Conditionst@l RCY [%](0]
Temp Time [*®F]Click Arl8F
[°C] [s] synthon

1 5 160 188 [18F]2a, 37 18

2 6 180 188 [18F]2b, 41 <0.7

3 7 180 188 [*8F]2c, 39 0.9

4 8 160 188 [*8F]2a, 14 0

5 11 200 94 [6F]2a, 45 22

6 12 200 94 [18F]2a, 40 2.4

7 13 200 188 [*8F]2a, 38 17

8 14 180 157 [*8F]2c, 35 0.8

(2]
(b]

Conditions giving optima | RCYs from ~ 8 runs under various conditions.

RCYs we re determined chromatographically and are corrected for radioactivity adsorption; adsorption was 19 + 7% (mean + SD, n = 8).

European J Org Chem. Author manuscript; available in PMC 2014 February 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Joong-Hyun and Pike Page 17

Table 3

Effect of counterions on the radiofluorination of 4- azidomethylphenyl(4-methoxyphenyl)iodonium salts in
DMF.

N: ' PEK 222K N _ UF
OO TR N e (T
X DIMF

, Med
160 °C, 188 5 ['*F)2a
Entry Substratel@l X RCY [%6](b]
[*8F]2a [*8]4-Fluoro-
anisole
1 5 OTs 37 1.8
2 11 Cl 51 2.7
3 12 Br 40 1.6
4 13 | 36 1.7

[al

[ ]RCYs are those determined chromatographically with correction for adsorption. Radioactivity recovery from the apparatus was 82 + 7% (mean
+SD, n=4).

5 mM substrate concentration in DMF.
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Table 4
Radiofluorination of diaryliodonium salts under ‘wet’ conditions.
Cyclotron-poduced
""F (H,'"0), inH;'"O
Mo drying procedure!
F (H; "0y,
K222K
M3 —\_ . o 18
Q) )-ove
OTs
Entry substratel@ conditions RCY [%]P)
Temp. Time [*8F]Fluoro- [18F]4-
[°C] [S] benzyl Fluoro
azide anisole
1 3 200 188 [18F]2a, 17 1
2 8 200 188 [*8F]2c, 46 1
3ld 8 180 94 [*8F]2c, 53 2
(&g v in DMF.
[b]

adsorption in the microfluidic apparatus was 29 + 2% (n = 3, mean + SD).

[C]Reaction performed in MeCN.
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Optimal RCY from 6-8 different runs under different conditions, determined chromatographically with correction for radioactivity adsorption;



