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Positron (b+) emission tomography (PET) is a noninvasive
molecular imaging technique that allows for the in vivo
investigation of physiological processes.[1] As a radioisotope,
fluorine-18 benefits from an advantageous half-life
(109.7 min), a clean decay process (97% b+ emission), and a
short b+ trajectory, which is a property that enables the
acquisition of high-resolution images. The global use of the
radiotracer [18F]-2-fluoro-2-deoxy-d-glucose has generated a
vast amount of invaluable clinical data and has stimulated a
worldwide interest in PET and 18F radiochemistry. For appli-
cations other than radiolabeling, nucleophilic and electro-
philic fluorination are complementary processes that are used
indiscriminately; the method of choice depends on the
reactivity profile of the precursor to be fluorinated.[2] A
similar degree of synthetic flexibility would facilitate signifi-
cantly the production and evaluation of new 18F radiotracers
but to date, this is far from the reality because the range of
reactions suitable for 18F labeling remains limited in compar-
ison with the number of transformations available to access
nonlabeled fluorinated material.[3] Electrophilic 18F-fluorina-
tion suffers from well-recognized drawbacks. The carrier-
added method employed for the production of [18F]F2 gas
gives labeled products with low specific activity (SA). In
addition, [18F]F2, a reagent that requires specialist equipment
for its handling, can react unselectively and lead to a mixture
of products. This complication lowers the radiochemical yield
(RCY) and may lead to problematic and time-consuming
purification processes. Despite these limitations, clinical doses
of the radiotracers [F]-2-fluoro-l-tyrosine and [F]-6-fluoro-

3,4-dihydroxy-l-phenylalanine are currently prepared relying
on an electrophilic fluorodestannylation reaction using
[18F]F2.

[4]

Recently, our research group initiated a research pro-
gramme aimed at advancing the utility of electrophilic
18F-radiolabeling through the preparation of novel and more
selective 18F-labeled fluorinating N–F reagents.[5] We reported
the synthesis of [18F]-N-fluorobenzenesulfonimide (NFSi), a
mild and selective reagent suitable for the radiolabeling of
various silyl enol ethers and allylsilanes.[6] Selectfluor 1
(1-chloromethyl-4-fluorodiazonia-bicyclo[2.2.2]-octane bis-
(tetrafluoroborate)) is a commercially available, easy to
handle, and stable electrophilic fluorinating N–F reagent
that has an exceptional synthetic scope, which has benefited
many chemists since its appearance in 1992.[7] Although its
reactivity is superior to N-fluorobenzenesulfonimide, it
remains very selective. It is therefore not surprising that
Selectfluor 1 is possibly the most commonly used reagent to
perform the fluorination of electron-rich substrates. The
availability of [18F]-labeled Selectfluor could significantly
advance electrophilic 18F-radiochemistry, especially if this
new reagent is prepared from high SA [18F]F2. To avoid
unnecessary problems that arise from isotopic exchange, we
chose to synthesize [18F]Selectfluor bis(triflate) 2 in prefer-
ence to [18F]Selectfluor bis(tetrafluoroborate) 1. The triflate
salt 2 has a reactivity profile similar to 1 and, in some cases, it
has been found to be a more suitable reagent, for example for
the electrophilic fluorination of glycals.[8] Herein, we describe
the synthesis of [18F]Selectfluor bis(triflate) 2 from high SA
[18F]F2.

[9] We also demonstrate that this new [18F]-2 N–F
reagent is suitable for radiolabeling processes (Scheme 1).

Typically, [18F]F2 is obtained from the nuclear reaction of
18O(p,n)18F through the addition of F2 (0.2%) to enriched
[18O]O2. The specific activity for this “in-target” protocol is in
the range of 1 GBqmmol�1 (Scheme 2, Protocol I), which is
significantly lower than the specific activities reached using
[18F]fluoride (up to 5500 GBqmmol�1).[10]

For most of the experiments described herein, we used
high specific activity [18F]F2, a reagent prepared in an
electrical discharge chamber by an 18F/19F exchange reaction
involving [18F]fluoromethane and a low amount of the F2

carrier (Scheme 3, Protocol II or III). High specific activity
[18F]fluoromethane was produced by nucleophilic substitution
of methyl iodide with [18F]fluoride, which was obtained
through the 18O(p,n)18F nuclear reaction upon irradiation of
[18O]-enriched water with a proton beam at 17 MeV. This
“post-target” synthesis of high specific activity [18F]F2 (up to
55 GBq mmol�1) was first reported by Bergman and Solin
(Scheme 3).[9]
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To access Selectfluor bis(triflate) 2, the original synthetic
procedure was adapted.[10] Direct fluorination of 1-chloro-
methyl-4-aza-1-azoniabicyclo[2.2.2]octane triflate (accessible
in two steps from triethylenediamine (TEDA)) was per-
formed in dry CH3CN at �10 8C with fluorine (10 % F2 in N2)
and in the presence of one equivalent of lithium triflate
(Scheme 4). To prepare [18F]-2, [18F]F2 was bubbled through a
0.02 m solution of the same precursor in anhydrous CH3CN at
�10 8C, which resulted in instantaneous fluorination. The
crude stock solution (1–2 GBq, 3–7 GBq, or 17 GBq using
Protocol I, II, or III, respectively for [18F]F2 production) was
used without purification. For radiolabeling experiments to
be carried out in acetone, the crude stock solution of [18F]-2
was concentrated by heating the reaction mixture at 80 8C
under a stream of nitrogen and the residue was redissolved in
acetone. The total preparation time from the end of bombard-
ment to the delivery of [18F]fluoride was less than 25 minutes.
Starting material and [18F]LiF were present in the stock
solution used for further experimentation—these compounds

do not interfere with the subsequent fluorination. Radio-
HPLC analysis of the crude reaction mixture revealed the
formation of a radioactive product (tr = 4.4 min). The poor
UV response of Selectfluor bis(triflate) did not allow us to
conduct unambiguous identification studies by coelution of
[18F]-2 with the cold reagent.

This limitation prompted us to consider simultaneously
the synthesis of the structurally related benzyl-substituted
N–F reagent [18F]-3 ([18F]-1-benzyl-4-fluoro-1,4-diazoniabicy-
clo [2.2.2]octane bis(triflate); Scheme 5). The nonlabeled
N–F reagent 3 was obtained with an overall yield of 74% in
three steps, which included the benzylation of TEDA with
benzyl chloride, the counterion exchange of the chloride with

lithium triflate, and the fluorination with elemental fluo-
rine.[10] The radiosynthesis of [18F]-3 was performed following
a protocol similar to the one applied for the preparation of
[18F]Selectfluor bis(triflate) 2 starting with 1-benzyl-4-aza-1-
azoniabicyclo[2.2.2]-octane triflate. When Protocol II was
applied for the production of [18F]F2, 4–7 GBq of activity
was routinely trapped in the stock solution of the reagent and
was used in subsequent labeling reactions. The UV-HPLC
trace of 3 revealed a peak at 4.3 min, the identity of which was
confirmed by LCMS analysis. Radio-HPLC analysis of the
crude material showed a product (tr = 4.6 min) coeluting with
the cold reference, thus suggesting the formation of [18F]-3.
Because both 3 and its precursor were detected throughout
the baseline of the UV-HPLC trace, quantitative assessment
of the efficiency of the synthesis of [18F]-3 was not deemed
appropriate. To take advantage of the carrier-added protocol
for the preparation of [18F]F2, further analysis was performed
on decayed samples of [18F]-3. Pleasingly, the 19F NMR
spectrum of decayed [18F]-3 showed signals at + 52.6 ppm
and �76.6 ppm, which are diagnostic of the presence of the
N–F functionality and the triflate ion, respectively. High-
resolution electron impact (EI) mass spectrometric analysis of

Scheme 1. 18F-Labeled reagents for electrophilic fluorination. Tf = tri-
fluoromethanesulfonyl, Tol = tolyl.

Scheme 2. Radiosynthesis of [18F]F2 from [18O]O2.

Scheme 3. Radiosynthesis of high specific activity [18F]F2 from [18F]F� .
krytopfix-222= 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo-
[8.8.8]hexacosane.

Scheme 4. Radiosynthesis of [18F]-2. n = number of experiments.

Scheme 5. Radiosynthesis of [18F]-3. Bn = benzyl.
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decayed [18F]-3 revealed a signal corresponding to the ion
benzyl-Selectfluor mono(triflate) product (C14H19F4N2O3S

+

m/z 371.1057, calcd 371.1047).
The successful radiosynthesis of [18F]-2 and [18F]-3

encouraged further radiolabeling work and [18F]-2 was
selected for this investigation because this reagent is most
commonly used for electrophilic fluorination.[7] To evaluate
the usefulness of [18F]-2, we first investigated the 18F labeling
of the silyl enol ether 4 derived from a-methyl tetralone
(Scheme 6). After addition of the crude solution of [18F]-2

(2 mL, 50–300 MBq) to an excess amount of the substrate 4
(5 mgs) dissolved in CH3CN, the reaction mixture was stirred
at 80 8C. The crude reaction mixture was analyzed using
HPLC by comparison with the trace of an authentic reference
sample prepared independently using Selectfluor 1 or the
bis(triflate) derivative 2. As HPLC analysis did not allow for
the fluorinating reagent [18F]-2 to be eluted as a single distinct
peak uncontaminated from [18F]LiF, purification of the
radioactive reaction mixture by semipreparative HPLC was
routinely performed to quantify how much of the measured
radioactivity corresponded to the product and to determine
the RCY, which could therefore not exceed 50%.[11] The
radiofluorination of the silyl enol ether 4 with [18F]-2
(Scheme 3, Protocol II) was completed within 15 minutes at
80 8C. Radio-HPLC analysis revealed the presence of the
desired product [18F]-5 (tr = 4.4 min) and a minor separable
radioactive side product at tr = 6.1 min. When Protocol I was
applied for the production of [18F]F2, which led to [18F]-2, the
formation of this side product was eradicated. Purification by
semipreparative HPLC allowed for the synthesis of radio-
chemically pure [18F]-5 in 50% decay corrected RCY. This
reaction was selected for the preparation of high specific
activity [18F]-2-fluoro-2-methyl tetralone 5. Using high spe-
cific activity [18F]F2 (generated by applying Protocol III) for
the synthesis of the N–F reagent [18F]-2, [18F]-5 was obtained
with a specific radioactivity of 16.4� 3.9 GBq mmol�1 (n = 4;
Scheme 6).

The electrophilic fluorodemetalation of electron-rich
arylstannanes is an important transformation and a key step
frequently used to access various PET radiotracers inclusive
of [18F]-2-fluoro-l-tyrosine and [18F]-6-fluoro-3,4-dihydroxy-
l-phenylalanine ([18F]-6-fluoro-l-DOPA).[4] Our next goal
was therefore to perform the electrophilic 18F-fluorination of
stannanes 6–8 using the novel N–F reagent [18F]-2. The
resulting fluorinated products 9–11 are unsuitable candidates
for a radiosynthetic route that features a direct nucleophilic
aromatic substitution (SNAr) with the [18F]fluoride ion.[12] The
fluorination of 6–8 was investigated with the nonlabeled

reagents [18F]N-fluorobenzenesulfonimide ([18F]NFSi),
Selectfluor bis(tetrafluoroborate) 1, or the bis(triflate) salt 2
prior to radiolabeling work. The results are summarized in
Table 1.

Preliminary investigation revealed that fluoroveratrole 9
was not accessible upon electrophilic fluorodestannylation of
6 using the mild N–F reagent NFSi under various reaction
conditions (Table 1, entry 1). In contrast, use of Selectfluor
bis(triflate) 2 led to the successful fluorodestannylation of 6 in
acetonitrile at 80 8C and delivered, after 30 minutes,
4-fluoroveratrole 9 in 44 % yield (Table 1, entry 2). This
reaction was much more effective using two equivalents of
AgOTf as an additive and acetone as the reaction solvent;[13] 9
was obtained in 68% yield after just 20 minutes at room
temperature (Table 1, entry 3). This yield was increased to
79% using Selectfluor bis(tetrafluoroborate) 1 (Table 1,
entry 4). Under similar conditions, the fluorination of the
stannylarenes 7 and 8 with 1 gave the fluoroaromatics 10 and
11 in 62% and 89% yield, respectively (Table 1, entries 5 and
6). The fluorodestannylation of 6–8 with the radiolabeled
reagent [18F]-2 was examined next (Table 1, entries 7–10). In
the absence of AgOTf, (4-trimethylstannyl)veratrole 6 barely
responded to electrophilic fluorination upon exposure with
the stock solution of [18F]-2 in acetonitrile at 80 8C for
30 minutes (Table 1, entry 7; RCY �2%). Pleasingly, in the
presence of AgOTf, the reaction proceeded successfully in
acetone at room temperature within 20 minutes and gave
[18F]-9 as the only radioactive product. After purification by
semipreparative HPLC, [18F]-9 was obtained with a decay-

Scheme 6. Radiosynthesis of [18F]-5 with [18F]-2.

Table 1: Electrophilic fluorodestannylation of 6–8.

Entry Stannane Product Reaction
conditions

Yield [%][a] RCY [%][b, 11]

1 6 9 A1–A3[c] 0 –
2 6 9 B[d] 44 –
3 6 9 C[e] 68 –
4 6 9 D[f ] 79 –
5 7 10 C[e] 62 –
6 8 11 C[e] 89 –
7 6 [18F]-9 E[g] – 2
8 6 [18F]-9 F[h] – 18 (n =3)
9 7 [18F]-10 F[h] – 17 (n =3)
10 8 [18F]-11 F[h] – 14 (n =3)

[a] Yields of the isolated products. [b] Decay-corrected RCY (% of
radioactivity after semipreparative HPLC). [c] A1 NFSi (1 equiv), RT,
1.5 h, MeCN or A2 NFSi (1 equiv), 80 8C, 1.5 h, MeCN or A3 NFSi
(1 equiv), AgOTf (2 equiv), RT, 1.5 h, acetone. [d] B: Selectfluor bis-
(triflate) 2 (1 equiv), MeCN, 80 8C, 30 min. [e] C: Selectfluor bis(triflate)
2 (1 equiv), AgOTf (2 equiv), acetone, RT, 20 min. [f ] D: Selectfluor
bis(tetrafluoroborate) 1 (1 equiv), AgOTf (2 equiv), acetone, RT, 20 min.
[g] E: 6 (5 mg), [18F]-2 (0.25 mL) in MeCN, 80 8C, 30 min. [h] F: 6, 7, or 8
(0.01 mmol), AgOTf (0.02 mmol), [18F]-2 (0.2 mL) in acetone, RT, 20 min.
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corrected RCY of 18% (Table 1, entry 8; n = 3).[11] The
remaining radioactivity was observed at the solvent front
and was attributed to unreacted [18F]-2 and [18F]fluoride ion.
The less electron-rich stannylated precursor 7 also reacted
under similar conditions and gave [18F]fluoroanisole ([18F]-10)
in a similar RCY (Table 1, entry 9). Most pleasingly,
[18F]fluorophenol 11 was accessible upon fluorodestannyla-
tion of 8 with a RCY of 14 % (Table 1, entry 10; n = 3).

In summary, [18F]Selectfluor bis(triflate) 2 was prepared
successfully and used for the synthesis of 18F-labeled material.
This labeled reagent has a unique reactivity profile in the
sense that it is much milder and selective than elemental
fluorine and suitable for the fluorination of electron-rich
substrates that cannot be fluorinated using alternative N–F
reagents. These characteristics are highly sought after,
especially for the 18F labeling of precursors that are not
suitable for nucleophilic fluorination. The applicability of
[18F]Selectfluor bis(triflate) 2 was demonstrated with the
radiolabeling of representative substrates. The silver-triflate-
mediated 18F fluorination of the electron-rich arylstannanes is
of particular interest because this transformation can now be
conducted selectively and rapidly under very mild conditions
(room temperature; “shake and mix” type protocol). Signifi-
cantly, the unprotected alcohol functionality of arylstannane 8
is well tolerated in this process. It was previously suggested
that “the development of 18F-labeled Selectfluor would
revolutionize electrophilic fluorination in much the same
way as the development of the unlabeled reagent”.[7] This
statement certainly stands true if the reagent allows for the
preparation of high SA 18F-labeled compounds. With the
preparation of [18F]-2 from high SA [18F]F2, we have shown
that the 18F-labeled compound 5 was formed with SA in the
range of 20 GBq mmol�1. This work demonstrated that we are
one significant step closer to the ultimate goal in the field,
which is the availability of the electrophilic fluorinating
reagent of tailored reactivity such as 18F-labeled Selectfluor,
suited for the preparation of radiotracers with SA matching
the level currently attainable using [18F]fluoride ion
(in practice 8 Cimmol�1 or �300 GBqmmol�1). Ongoing
work in our laboratories investigates further the applicability
of [18F]-2 with the preparation of clinically useful radiotracers,
including [18F]-6-fluoro-l-DOPA.

Experimental Section
Typical procedure for the preparation of [18F]-9 from [18F]Selectfluor
bis(triflate) 2 : Compound 6 (0.01 mmol) was added to [18F]-2
(0.2 mL) in a solution of acetone and AgOTf (0.02 mmol). The
reaction mixture was stirred at RT for 20 min. Analysis was
performed by radio-HPLC of 0.1 mL of the reaction mixture diluted
in 0.9 mL of CH3CN/H2O (1:1).

Received: April 19, 2010
Published online: August 16, 2010

.Keywords: electrophilic substitution · fluorination ·
positron emission tomography · radiochemistry · Selectfluor

[1] a) Handbook of Radiopharmaceuticals (Eds.: M. J. Welch, C. S.
Redvanly), Wiley, New York, 2003 ; b) S. M. Ametamey, M.
Honer, P. A. Schubiger, Chem. Rev. 2008, 108, 1501; c) D. W.
Townsend, J. Nucl. Med. 2008, 49, 938.

[2] For monographs, see: R. D. Chambers, Fluorine in Organic
Chemistry, Blackwell, Oxford, 2004 ; K. Uneyama, Organofluor-
ine Chemistry, Wiley, New York, 2006.

[3] a) P. W. Miller, N. J. Long, R. Vilar, A. D. Gee, Angew. Chem.
2008, 120, 9136; Angew. Chem. Int. Ed. 2008, 47, 8998; b) L. Cai,
S. Lu, V. W. Pike, Eur. J. Org. Chem. 2008, 2853.

[4] For the radiosynthesis of [18F]-labeled l-tyrosine and l-DOPA,
see: a) F. M. Wagner, J. Ermert, H. H. Coenen, J. Nucl. Med.
2009, 50, 1724; b) M. Namavari, A. Bishop, N. Satymurthy, G.
Bida, J. R. Barrio, Appl. Radiat. Isot. 1992, 43, 989; c) A. Luxen,
M. Guillaume, W. P. Melega, V. W. Pike, O. Solin, R. Wagner,
Nucl. Med. Biol. 1992, 19, 149; d) E. Hess, S. Sichler, A. Kluge,
H. H. Coenen, Appl. Radiat. Isot. 2002, 57, 185; e) C. Lemaire, S.
Gillet, S. Guillout, A. Plenevaux, J. Aerts, A. Luxen, Eur. J. Org.
Chem. 2004, 2899; f) C. Lemaire, M. Guillaume, R. Cantineau,
L. Christiaens, J. Nucl. Med. 1990, 31, 1247; g) E. Hess, G.
Blessing, H. H. Coenen, Appl. Radiat. Isot. 2000, 52, 1431; h) C.
Kuroda, A. Ochi, N. Nakane, T. Umeyama, N. Muto, N. Nimura,
Bull. Chem. Soc. Jpn. 2000, 73, 417; i) F. Doll�, S. Demphel, F.
Hinnen, D. Fournier, F. Vaufrey, C. Crouzel, J. Labelled Compd.
Radiopharm. 1998, 41, 105; j) S. Forsback, O. Eskola, M.
Haaparanta-Solin, J. Bergman, O. Solin, Radiochim. Acta 2008,
96, 845.

[5] a) F. Oberdorfer, E. Hofman, W. Maier-Borst, J. Labelled
Compd. Radiopharm. 1988, 25, 999; b) F. Oberdorfer, E.
Hofman, W. Maier-Borst, Appl. Radiat. Isot. 1988, 39, 685;
c) N. Satyamurthy, G. T. Bida, M. E. Phelps, J. R. Barrio, Appl.
Radiat. Isot. 1990, 41, 733; d) F. Oberdorfer, G. Dietzel, J.
Labelled Compd. Radiopharm. 2003, 46, S216.

[6] H. Teare, E. G. Robins, E. �rstad, S. K. Luthra, V. Gouverneur,
Chem. Commun. 2007, 2330.

[7] P. T. Nyffeler, S. G. Dur�n, M. D. Burkart, S. P. Vincent, C.-H.
Wong, Angew. Chem. 2004, 116, 194; Angew. Chem. Int. Ed.
2004, 43, 192.

[8] S. P. Vincent, M. D. Burkart, C.-Y. Tsai, Z. Zhang, C.-H. Wong, J.
Org. Chem. 1999, 64, 5264.

[9] J. Bergman, O. Solin, Nucl. Med. Biol. 1997, 24, 677.
[10] a) R. E. Banks, M. K. Besheesh, S. N. Mohialdin-Khaffaf, I.

Sharif, J. Chem. Soc. Perkin Trans. 1 1996, 2069; b) R. E. Banks,
S. N. Mohialdin-Khaffaf, G. S. Lal, I. Sharif, R. G. Syvret, J.
Chem. Soc. Chem. Commun. 1992, 595; c) J. J. Hart, R. G.
Syvret, J. Fluorine Chem. 1999, 100, 157; R. E. Banks (Air
Products and Chemicals, Inc. USA), US 5,086,178, 1992, p. 9.

[11] The RCY will be calculated based on the use of crude stock
solution containing both [18F]-2 (50% of the activity) and Li18F
(50% of the activity). The maximum radiochemical yield
achievable is therefore 50 %.

[12] For a nucleophilic 18F fluorination protocol using diaryliodonium
salts as precursors, see: V. W. Pike, F. I. Aigbirhio, J. Chem. Soc.
Chem. Commun. 1995, 21, 2215 – 2216; for recent work on
palladium-catalyzed nucleophilic 19F fluorination of electron-
rich aromatic compounds, see: S. D. A. Watson, M. N. Su, G.
Teverovskiy, Y. Zhang, J. Garc�a-Fortanet, T. Kinzel, S. L.
Buchwald, Science 2009, 325, 1661.

[13] For electrophilic fluorination of vinyl or arylstannanes in the
presence of AgOTf, see: a) M. A. Tius, J. K. Kawakami,
Tetrahedron 1995, 51, 3997; b) T. Furuya, A. E. Strom, T.
Ritter, J. Am. Chem. Soc. 2009, 131, 1662.

Communications

6824 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 6821 –6824

http://dx.doi.org/10.1021/cr0782426
http://dx.doi.org/10.2967/jnumed.108.051276
http://dx.doi.org/10.1002/ange.200800222
http://dx.doi.org/10.1002/ange.200800222
http://dx.doi.org/10.1002/anie.200800222
http://dx.doi.org/10.1002/ejoc.200800114
http://dx.doi.org/10.2967/jnumed.109.063297
http://dx.doi.org/10.2967/jnumed.109.063297
http://dx.doi.org/10.1016/S0969-8043(02)00091-X
http://dx.doi.org/10.1002/ejoc.200400059
http://dx.doi.org/10.1002/ejoc.200400059
http://dx.doi.org/10.1016/S0969-8043(99)00248-1
http://dx.doi.org/10.1246/bcsj.73.417
http://dx.doi.org/10.1524/ract.2008.1527
http://dx.doi.org/10.1524/ract.2008.1527
http://dx.doi.org/10.1002/jlcr.2580250912
http://dx.doi.org/10.1002/jlcr.2580250912
http://dx.doi.org/10.1039/b701177f
http://dx.doi.org/10.1021/jo990686h
http://dx.doi.org/10.1021/jo990686h
http://dx.doi.org/10.1016/S0969-8051(97)00078-4
http://dx.doi.org/10.1039/p19960002069
http://dx.doi.org/10.1039/c39920000595
http://dx.doi.org/10.1039/c39920000595
http://dx.doi.org/10.1016/S0022-1139(99)00199-2
http://dx.doi.org/10.1126/science.1178239
http://dx.doi.org/10.1016/0040-4020(95)00141-T
http://dx.doi.org/10.1021/ja8086664
http://www.angewandte.org

