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Abstract
Faster and more efficient approaches for radiolabeling biomolecules with short-lived 18F are in
dire need. Herein we report a new 18F-labeled prosthetic group containing an acetylene function
that permits the labeling of biomolecules via click chemistry. This template, propargyl 4-
[18F]fluorobenzoate ([18F]PFB) was synthesized from a quaternary salt precursor in decay-
corrected radiochemical yields of 58 ± 31%. Several model compounds containing an azide
moiety—benzyl azide, two lysine derivatives and a transglutaminase-reactive peptide—were
labeled using [18F]PFB via a click reaction in decay-corrected radiochemical yields of 88 ± 4%,
79 ± 33%, 75 ± 5%, and 37 ± 31%, respectively. Our results suggest that the novel agent [18F]PFB
is a potentially useful template for the 18F-labeling of biomolecules via click chemistry.
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INTRODUCTION
Cutting edge molecular imaging techniques are increasingly becoming an integral part of the
drug discovery process [1-3]. For example, microdosing is a new and promising approach
that is used to obtain human pharmacokinetic data for investigational drugs that are in their
early stage of development [4,5]. Because of its potential for providing multi-organ,
quantitative distribution and elimination data, molecular imaging should play a critical role
in microdosing and some reports have already appeared in this regard [6-10].

Imaging techniques such as single photon emission computed tomography (SPECT) and
positron emission tomography (PET) that utilize compounds labeled with radionuclides are
particularly attractive because of their of high sensitivity and the fact that only miniscule
amounts of labeled molecules need to be administered. PET is a tomographic imaging
modality with excellent quantitation capabilities. Furthermore, it is a functional imaging
method in that it can detect very early biochemical and physiological alterations even before
the onset of anatomical changes [11]. Although there are a number of radionuclides that
decay with the emission of positrons, and therefore potentially can be used for labeling
biomolecules, 18F is by far the most widely available and versatile radionuclide utilized for
PET applications [12].
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The reaction conditions to introduce 18F onto molecules are often harsh, and this has
necessitated the development of many prosthetic groups for the radiolabeling of sensitive
molecules such as peptides and proteins with 18F [13,14]. To-date, N-succinimidyl 4-
[18F]fluorobenzoate ([18F]SFB), which was originally developed by us [15-17], is the most
widely used agent for this purpose [18,19]. The synthesis of [18F]SFB involves three steps,
after which peptide conjugation must be performed, and in some cases, extra steps may be
necessary to prevent the modification of pharmacologically sensitive functionalities on the
peptide. Alternative strategies have been developed to overcome this problem [20-25];
however, none are ideal.

Recently, a two step strategy to label peptides with 18F has been developed by Marik and
Sutcliffe utilizing click chemistry [26]. Click chemistry, so termed for its efficiency,
involves the joining together of two molecules via heteroatom links utilizing the Huisgen
1,3-dipolar cycloaddition between an alkyne and an azide facilitated by copper catalysis
[27,28]. In their work, Marik and Sutcliffe generated T-[18F]fluoroalkynes in one step from
tosylate precursors and conjugated them to peptides decorated with an azido function via
click chemistry. A similar strategy but with the azide function on the 18F-labeled agent and
the alkyne moiety on the peptides has been reported subsequently [29]. Sirion et al. have
developed 18F-labeled alkynes containing a PEG spacer that are useful in the 18F-labeling of
biomolecules via click chemistry [30]. Recently, a prosthetic group similar to this was
employed to label a peptide containing the arginine-glycine-aspartic acid (RGD) motif and
the labeled peptide was evaluated in vivo using microPET [31]. A common feature of all of
these studies is that the 18F label was attached to an aliphatic carbon on the prosthetic group.

The goal of the current study was to develop a 18F-labeled prosthetic group for click
chemistry conjugation with the 18F label attached to an aromatic carbon. Our rationale was
to hopefully exploit the fact that the carbon-halogen bond strength is generally higher when
the halogen is attached to a sp2 than to a sp3 hybridized carbon [32]. Thus, compounds in
which fluorine is attached to a sp2 carbon are expected to be more inert to in vivo
defluorination than those with the fluorine attached a sp3 carbon. Concordant with this, bone
uptake of 18F, an indicator of defluorination, generally has been lower for compounds in
which the fluorine label is on the aromatic ring rather than when it is attached to an aliphatic
carbon [33-37]. Also, bone uptake of radioactivity was minimal for compounds containing a
4-[18F]fluorobenzoyl moiety [19,38-42]. For this reason, we chose the propargyl ester of 4-
fluorobenzoic acid as our target compound. The selection of this moiety was further
motivated by the fact that prior studies have documented the rapid clearance from normal
tissues of the potential catabolite 4-fluorobenzoic acid [43,44] and its glycine conjugate
(hippuric acid) [45,46], which should help decrease normal tissue background after
metabolism of labeled tracers. It should be pointed out that while our work was in progress,
the development of a click labeling agent with 18F on an aromatic carbon has been reported
[47]; however, the agent was derived from [18F]SFB in a process involving a total of four
radiochemical steps.

Herein we report the synthesis of propargyl 4-fluorobenzoate (PFB, 1; Scheme 1) and the
corresponding quaternary ammonium triflate precursor. Synthesis of 18F-labeled ester 1 was
accomplished in a single step by the nucleophilic displacement of the quaternary function
from the latter. The usefulness of the alkyne-containing prosthetic group was determined by
evaluating by its click conjugation to model compounds including a peptide.
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EXPERIMENTAL PROCEDURES
General

All chemicals were purchased from Sigma-Aldrich unless otherwise noted and used without
further purification. The reagent 6-azidohexanoic acid was prepared by modifying
procedures reported for its synthesis [48,49] and the product was characterized by NMR and
mass spectrometry. S-H-Lys(Boc)-OtBu.HCl and silica-supported DCC were procured from
Bachem (Torrrance, CA) and Silicycle (Quebec, Canada), respectively. Appropriately
protected amino acids used in the peptide synthesis were obtained from Applied Biosystems
(Foster City, CA) or from Bachem (Torrance, CA). Reagents for solid-phase peptide
synthesis such as HBTU, DIEA and NMP were obtained from Applied Biosystems.

Aqueous [18F]fluoride was produced using the 18O(p, n)18F reaction by cyclotron irradiation
of [18O]H2O in a silver target (1.5 mL). Except in a few cases, for which [18F]fluoride
activity from dedicated runs was used, most of the labeling reactions reported herein were
performed using the first or second wash of the target with regular deionized water (0.3 to
1.5 mL) following 18F runs for clinical level [18F]FDG production. In some cases, the
activity was transferred directly from the cyclotron target bypassing the Teflon lines in place
for delivering [18F]fluoride for clinical [18F]FDG synthesis. For one run, [18F]fluoride
activity was obtained from PETNET Solutions (Raleigh-Durham Pharmacy). The
[18F]fluoride activity (5-37 mCi) was mixed with a solution of Kryptofix® and K2CO3 (10
mg Kryptofix® in 1 mL acetonitrile and 1 mg K2CO3 in 5 :L water). The water from this
mixture was removed by repeated (2-3 times) azeotropic evaporation with acetonitrile, and
the radioactivity was resolubilized in 100 :L of acetonitrile.

Aluminum-backed sheets (Silica gel 60 F254) were used for analytical TLC, and normal-
phase column chromatography was performed using silica gel 60, both obtained from EM
Science (Gibbstown, NJ). Preparative thick layer chromatography was performed using 20
Η 20 cm, 1000 :m plates (Whatman, Clifton, NJ). Before applying the sample, the plates
were run in ethyl acetate to remove any adsorbed impurities. Radio-TLC was analyzed using
a System 200 Imaging Scanner (BioScan, Washington, DC) and in some cases, the sheets
also were cut into strips and then counted using an automated gamma counter (LKB 1282,
Wallac, Finland). Solid-phase peptide syntheses were carried out on a Perkin Elmer Applied
Biosystems Model 433A automated peptide synthesizer employing Fast-Moc™ chemistry
with HBTU activation of carboxyl groups. Two systems were used for performing high-
pressure liquid chromatography. For radiochromatography, a Beckman System Gold HPLC
equipped with a Model 126 programmable solvent module, a Model 166 NM variable
wavelength detector, a Model 170 radioisotope detector, and a Model 406 analogue interface
module was used. HPLC of unlabeled compounds and semi-preparative HPLC were
performed using a Waters Model Delta 600 semi-preparative system with a Model 600
controller and a Model 2487 dual wavelength absorbance detector; data were acquired using
Millenium software. Reversed-phase chromatography was performed using Waters XTerra
C18 columns (analytical 4.6 H 250 mm, 5:; semi-preparative 19 H 150 mm). Unless
indicated otherwise, the analytical column was eluted at a flow rate of 1 mL/min with a
gradient consisting of 0.1% TFA in both water (solvent A) and acetonitrile (solvent B): the
percent of solvent B was maintained at 10 for 5 min, then increased linearly to 100 in 30
min, and held at 100 for 5 min (standard gradient). The standard gradient conditions for
most semi-preparative HPLC runs was the same as above except that a flow rate of 8 mL/
min was used. A Zorbax Eclipse XDB-C18 column (4.6 H 250 mm, 5 :m; Agilent
Technologies, Santa Clara, CA) was used for analyzing click reactions of peptide with the
[18F]1. In this case, the column was eluted at a flow rate of 1 mL/min with a gradient
consisting of 40 mM ammonium aceate, pH 4.73 (solvent A) and acetonitrile (solvent B);
the percent of solvent B was kept at 5 for 5 min, then increased linearly to 100 over 30 min
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and held at 100 for 5 min. Infrared spectra were obtained on a Nicolet Avatar E.S.P. FT-IR
spectrometer. Proton NMR spectra were obtained on a Varian Mercury 300 spectrometer.
Chemical shifts are reported in δ units; solvent peaks were referenced appropriately. Mass
spectra were obtained on a JEOL SX-102 high resolution mass spectrometer (FAB and EI),
on an Applied Biosystems Voyager DE Pro (MALDI) or on a Shimadzu QP2010 GC/MS.

Propargyl 4-fluorobenzoate (1)
Method A—Propargyl alcohol (61.3 μL; 1.05 mmol) was added to a mixture of DCC (206
mg; 1.00 mmol), 4-fluorobenzoic acid (148 mg; 1.05 mmol) and 4-N,N-
dimethylaminopyridine (~1 mg) in 4 mL of anhydrous ethyl acetate in a flame-dried, argon-
purged flask. The reaction mixture was stirred at room temperature overnight, and the
precipitated DCU was filtered through a fritted funnel. The solvent from the filtrate was
evaporated and the crude product was purified by preparative TLC using 10% ethyl acetate
in hexanes to yield 32 mg (0.18 mmol, 18%) of a white solid (1).

Method B—A mixture of propargyl alcohol (2 mL), triethylamine (1.5 mL), and 4-
fluorobenzoyl chloride (0.67 mL; 15.61 mmol) was stirred at room temperature for 1.5 h.
The reaction mixture was partitioned between 50 mL each of water and ethyl acetate and the
aqueous layer was extracted twice with ethyl acetate. The combined ethyl acetate layers
were washed with brine, dried with sodium sulfate and concentrated to yield 907 mg (5.09
mmol; 90.7%) of 1: TLC 1:3 ethyl acetate:hexanes, Rf 0.28. HPLC tR = 23.6 min. 1H NMR
(CDCl3) δ 2.52 (t, 1H, J = 2.4 Hz), 4.92 (d, 2H, J = 2.4 Hz), 7.0-7.2 (m, 2H), 8.0-8.2 (m,
2H). MS (EI+) m/z: 178.11 (M+), 149.11, 133.12, 123.10, 122.08, 95.07. HRMS (EI+) calcd
for C10H7FO2 (M+): 178.0430. Found: 178.0428 ± 0.0003 (n = 2).

Propargyl 4-dimethylaminobenzoate (2)
Propargyl alcohol (2 mL) was added to 4-N,N-dimethylaminobenzoyl chloride (367 mg;
2.00 mmol) in 1 mL of dry methylene chloride in a flame-dried, argon-purged flask
followed by 552 μL of triethylamine (4.0 mmol). The mixture was stirred at room
temperature for 10-15 min and partitioned between ethyl acetate (50 mL) and water (25
mL). The aqueous layer was further extracted twice with ethyl acetate and the pooled ethyl
acetate solutions were washed once with brine and then dried with sodium sulfate.
Evaporation of ethyl acetate from the filtrate gave 315 mg (1.5 mmol, 77.5%) of an off-
white solid (1.5 mmol; 77.5%), which was used in the next step without further purification:
TLC 0.1% triethylamine in 1:3 ethyl acetate:hexanes Rf = 0.36. IR (ATR) ν (cm-1) 3232.63
(s), 2917.68 (br w), 2863.80 (w), 2821.97 (w), 2116.99 (m), 1690.84 (vs), 1607.49 (s),
1529.91 (s). 1H NMR (CDCl3) δ 2.48 (t, 1H, J = 2.3 Hz), 3.04 (s, 6H), 4.87 (d, 2H, J = 2.4),
6.64 (d, 2H, J = 9.0 Hz), 7.93 (d, 2H, J = .0 Hz). MS (EI+), m/z: 203.09 (M+), 174.09,
164.07, 148.07. HRMS (EI+) calcd for C12H13NO2 (M+): 203.0946. Found: 203.0941 ±
0.0005 (n = 4).

4-Propargyloxycarbonyl N, N, N-trimethylanilinium trifluoromethanesulfonate (3)
Methyl trifluoromethanesulfonate (295 μL; 2.6 mmol) was added to a stirred solution of 2
(265 mg; 1.3 mmol) in 2 mL anhydrous methylene chloride. The mixture was stirred at room
temperature for 1.5 h and the methylene chloride was evaporated with a stream of argon.
The residual solid was dissolved in 1 mL ethyl acetate and the product was precipitated with
the addition of 25 mL diethyl ether, and then filtered, washed with ether, and dried to obtain
390 mg (1.06 mmol; 82%) of a solid: HPLC tR = 6.8 min. IR (ATR) ν (cm-1) 3239.92 (s),
3079.07 (w), 2124.95 (w), 1727.65 (s), 1608.05 (w). 1H NMR (CD3CN) δ 2.86 (t, 1H, J =
2.6 Hz), 3.56 (s, 9H), 4.95 (d, 2H, J = 2.6), 7.90 (d, 2H, J = 9.5 Hz), 8.21 (d, 2H, J = 9.5
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Hz). MS (FAB+), m/z: 218.10 (M+), 203.07, 180.10. HRMS (FAB+) calcd for C13H16NO2
(M+): 218.1181. Found: 218.1190 ± 0.0001 (n = 4).

(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl 4-fluorobenzoate (4)
Copper sulfate (0.4 M, 50 :L) and sodium ascorbate (50:L 0.6 M) were added to a solution
of benzyl azide (19.7 mg, 0.14 mmol, Alfa Aesar) and 1 (57 mg, 0.32 mmol) in 0.4 mL of
tert-butanol and the mixture was stirred vigorously at room temperature for 1 h. The reaction
mixture was partitioned between 5 mL each of ethyl acetate and water and the aqueous layer
was extracted twice with ethyl acetate. The combined organic layer was dried over sodium
sulfate, filtered and the filtrate evaporated. The crude product was purified by preparative
thick layer chromatograpy using 1:3 ethyl acetate:hexanes to yield 27 mg (0.087 mmol,
58.7%) of a white powder: TLC 1:1 ethyl acetate:hexanes, Rf = 0.37. HPLC tR = 24.7
min. 1H NMR (CDCl3) δ 5.42 (s, 2H), 5.52 (s, 2H), 7.02 – 7.12 (m, 2H), 7.23 – 7.32 (m,
2H), 7.32 – 7.42 (m, 3H), 7.60 (s, 1H), 9.97 – 8.07 (m, 2H). MS (FAB+) m/z: 312.11 (MH+),
307.09, 289.08. HRMS (FAB+) calcd for C17H14FN3O2 (M+): 311.1070. Found: 311.1073 ±
0.0008 (n = 3).

Tert-butyl 5-(tert-butoxycarbonyl)-2-(4-azidobenzamido)pentylcarbamate (5)
A mixture of H-Lys(Boc)-OtBu·HCl (63 mg; 0.187 mmol)), 4-azidobenzoic acid (TCI, 97
mg; 0.373 mmol), and DCC on silica support (Silicycles, 500 mg; 0.560 mmol) in 2.5 mL
anhydrous methylene chloride was stirred at room temperature under argon overnight. The
reaction mixture was filtered and the solvent from the filtrate evaporated. The crude mixture
was purified by preparative thin layer chromatography using 1:1 ethyl acetate:hexanes to
yield 64.6 mg (0.14 mmol; 77.3%) of a foam: TLC 1:1 ethyl acetate:hexanes, Rf =
0.60. 1HNMR (CDCl3) δ 1.39 (s, 9H), 1.48 (s, 9H), 1.50 (m, 4H), 1.75 (m, 1H), 1.95 (m,
1H), 3.09 (d, 2H, J = 4.2 Hz), 4.65 (m, 2H), 6.79 (d, 1H, J = 7.5 Hz), 7.04 (d, 2H, J = 8.7
Hz), 7.81 (d, 2H, J = 8.7 Hz). MS (FAB+) m/z: 448.27 (M+), 422.27, 392.20, 348.21,
336.13, 318.13. HRMS (FAB+) calcd for C22H34N5O5 (MH+): 448.2562. Found: 448.2554
± 0.0014 (n=4).

1-[4-(1-Tert-butoxycarbonyl-5-tert-butoxycarbonylamino-pentylcarbamoyl)-phenyl]-1H-
[1,2,3]triazol-4-ylmethyl 4-fluorobenzoate (6)

Aqueous copper sulfate (0.4 M; 50 :L) and sodium ascorbate (0.6 M; 50 :L) were added to a
solution of 5 (31.7 mg; 0.07 mmol) and 1 (25 mg; 0.14 mmol) in 400 :L tert-butanol in a
small vial. The resultant heterogeneous mixture was stirred vigorously for 70 min and then
partitioned between 10 mL ethyl acetate and 10 mL water. The aqueous layer was extracted
once with 10 mL ethyl acetate and the combined organic layer was washed with brine and
dried over sodium sulfate. The drying agent was filtered off and the ethyl acetate from the
filtrate was evaporated. The residue was purified by preparative TLC using 1:1 ethyl
acetate:hexanes to yield 38.9 mg (0.06 mmol; 88.4%) of an oil: TLC 1:1 ethyl
acetate:hexane, Rf = 0.25. 1HNMR (CDCl3) δ 1.39 (s, 9H), 1.49 (s, 9H), 1.50 (m, 4H), 1.80
(m, 1H), 2.00 (m, 1H), 3.11 (d, 2H, J = 5.4 Hz), 4.65 (m, 2H), 5.54 (s, 2H), 6.92 (d, 1H, J =
7.2 Hz), 7.10 (t, 2H, J = 8.7 Hz), 7.83 (d, 2H, J = 8.7 Hz), 7.98 (d, 2H, J = 8.7 Hz), 8.02 –
8.12 (m, 2H), 8.19 (s, 1H). MS (FAB+) m/z: 626.3 (MH+), 570.2, 514.2, 470.2, 346.1, 302.2.
HRMS (FAB+) calcd for C32H41FN5O7 (MH+): 626.2992. Found: 626.2987 ± 0.0012 (n=4).

6-Amino-2-(4-azidobenzamido)hexanoic acid (7)
A solution of 5 (16.5 mg; 0.037 mmol) in 0.5 mL anhydrous methylene chloride was treated
with 0.5 mL of anhydrous trifluoroacetic acid for 1 h at room temperature. The solvents
were evaporated with a stream of argon and the mixture was triturated with diethyl ether and
the residue dried for several hours under high vacuum to yield 7 as an oil in a nearly
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quantitative yield: HPLC tR = 12.5 min. 1HNMR (CD3OD) δ 1.56 (m, 2H), 1.72 (m, 2H),
1.88 (m, 1H), 2.04 (m, 1H), 2.93 (t, 2H, J = 7.5 Hz), 4.61 (q, 2H, J = 4.8 Hz), 7.15 (d, 2H, J
= 9.0 Hz), 7.90 (d, 2H, J = 8.7 Hz). HRMS (FAB+) calcd for C13H18N5O3 (MH+):
292.1410. Found: 292.1416 ± 0.0003 (n=4).

1-[4-(5-Amino-1-carboxy-pentylcarbamoyl)-phenyl]-1H-[1,2,3]triazol-4-ylmethyl 4-
fluorobenzoate (8)

Trifluoroacetic acid (0.5 mL) was added to a solution of 6 (14.1 mg; 0.023 mmol) in 0.5 mL
of anhydrous methylene chloride and the solution was incubated at room temperature for 1
h. The solvents were evaporated with a stream of argon and the mixture was triturated with
diethyl ether three times. The resultant residue was dried for several hours under high
vacuum to yield 8 as an oil in a nearly quantitative yield: HPLC tR = 19.1 min. 1HNMR
(CD3OD) δ 1.58 (m, 2H), 1.74 (m, 2H), 1.99 (m, 2H), 2.95 (t, 2H, J = 7.5 Hz), 4.64 (q, 2H,
J = 4.8 Hz), 5.52 (s, 1H), 7.18 (t, 2H, J = 8.9 Hz), 7.99 (d, 2H, J = 8.4 Hz), 8.09 (m, 4H),
8.75 (s, 1H). MS (FAB+), m/z: 470.2 (M+), 413.3, 391.3, 389.3, 371.3. HRMS (FAB+) calcd
for C23H25FN5O5 (MH+): 470.1841. Found: 470.1820 ± 0.0000 (n = 2).

Tert-butyl 5-(tert-butoxycarbonyl)-5-(6-azidohexanamido)pentylcarbamate (9)
A mixture of H-Lys(Boc)-OtBu·HCl (63 mg; 0.187 mmol), 6-azidohexanoic acid (59 mg;
0.373 mmol), and silica-supported DCC (500 mg; 0.560 mmol) and 2.5 mL of anhydrous
methylene chloride was stirred vigorously at room temperature under argon overnight. The
reaction mixture was filtered to remove the silica-bound carbodiimide and urea, and the
filtrate was concentrated on a rotary evaporator. The crude mixture was purified by
preparative TLC using 1:1 ethyl acetate:hexanes to yield 62.2 mg (71.5% after correcting for
purity) of a foam. NMR indicated that this product was contaminated with 6-azidohexanoic
acid (~5%). An analytical sample was obtained by further preparative TLC of the above
sample. TLC 3:1 ethyl acetate:hexanes, Rf = 0.51 (visualized using 5% phosphomolybdic
acid in ethanol). 1HNMR (CDCl3) 1.37 (m, 5H), 1.42 (s, 9H), 1.45 (s, 9H), 1.64 (m, 4H),
1.81 (m, 1H), 2.22 (t, 2H, J = 7.5 Hz), 3.07 (m, 2H), 3.26 (t, 2H, J = 6.9 Hz), 4.46 (m, 1H),
4.57 (br s, 1H), 6.07 (d, 2H, J = 6.9 Hz). HRMS (FAB+) calcd for C21H40N5O5 (MH+):
442.3031. Found: 442.3035 ± 0.0008 (n=4).

1-[5-(1-Tert-butoxycarbonyl-5-tert-butoxycarbonylamino-pentylcarbamoyl)-pentyl]-1H-
[1,2,3]triazol-4-ylmethyl 4-fluorobenzoate (10)

Aqueous copper sulfate (0.4 M; 50 :L) and sodium ascorbate (0.4 M; 50 :L) were added to a
solution of 9 (26.8 mg; 0.057 mmol based on 95% purity) and 1 (32 mg; 0.182 mmol) in
400 :L of tert-butanol and the resultant heterogeneous mixture was stirred vigorously for 90
min. The reaction mixture was partitioned between 10 mL each of ethyl acetate and water.
The aqueous layer was extracted once with 10 mL ethyl acetate and the combined organic
layers were washed once with 10 mL of brine, dried over sodium sulfate, filtered and
concentrated. The crude mixture was purified by preparative TLC using 19:1 ethyl
acetate:hexanes to yield 21.6 mg (0.03 mmol; 60.3%) of an oil: TLC 19:1 ethyl
acetate:hexanes, Rf = 0.29. 1HNMR (CDCl3) δ 1.37 (m, 6H), 1.41 (s, 9H), 1.44 (s, 9H), 1.70
(m, 2H), 1.93 (qn, 2H, J = 7.5 Hz), 2.20 (t, 2H, J = 7.4 Hz), 3.08 (q, 2H, J = 6.5 Hz), 4.35 (t,
2H, J = 7.4 Hz), 4.45 (m, 1H), 4.64 (br s, 1H), 5.44 (s, 2H), 6.06 (d, 2H, J = 7.2 Hz), 7.08 (t,
2H, J = 8.7 Hz), 7.68 (s, 1H), 8.05 (m, 2H). HRMS (FAB+) calcd for C31H46FN5O7 (M +):
619.3381. Found: 619.3384 ± 0.0006 (n = 4).

6-Amino-2-(6-azidohexanamido)hexanoic acid (11)
A solution of 9 (16.0 mg; 0.036 mmol) in 0.5 mL of anhydrous methylene chloride was
treated with 0.5 mL of trifluoroacetic acid at room temperature for 1 h. The solvents were
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evaporated with a stream of argon and the residue was triturated three times with 2 mL
diethyl ether. The resultant oily residue was dried for several hours under high vacuum to
give 11 in a nearly quantitative yield: 1HNMR (CD3CN) δ 1.35 (m, 4H), 1.68 (m, 8H), 2.20
(t, 2H, J = 7.4 Hz), 2.93 (m, 2H), 3.28 (t, 2H, J = 6.6 Hz), 4.30 (m, 1H), 6.58 (br s, 2H),
6.85 (d, 1H, J = 6.8 Hz), 10.39 (br s, 1H). HRMS (FAB+) calcd for C12H23N5O3 (M+):
285.1801. Found: 285.1802 ± 0.0010 (n = 4).

1-[5-(5-Amino-1-carboxy-pentylcarbamoyl)-pentyl]-1H-[1,2,3]triazol-4-ylmethyl 4-
fluorobenzoate (12)

Trifluoroacetic acid (0.5 mL) was added to a solution of 10 (11.8 mg; 0.019 mmol) in 0.5
mL of anhydrous methylene chloride and the mixture was incubated at room temperature for
1 h. The solvent was evaporated with a stream of argon and the residue was triturated three
times with 2 mL diethyl ether. The resultant oily residue was dried for several hours under
high vacuum to give 12 in a nearly quantitative yield: HPLC tR = 17.7 min. 1HNMR
(CD3CN) δ 1.59 (m, 12H), 2.22 (t, 2H, J = 7.1 Hz), 2.98 (m, 2H), 4.30 (m, 1H), 4.39 (t, 2H,
J = 6.9 Hz), 5.43 (s, 2H), 6.69 (br s, 2H), 6.95 (d, 1H, J = 6.9 Hz), 7.95 (s, 1H), 8.07 (m,
2H). HRMS (FAB+) calcd for C22H30N5O5 (M+): 463.2231. Found 463.2233 ± 0.0011 (n =
4).

T-Azidohexanoic acid conjugated YQSIYVPDI (13)
Using the automated synthesizer, the following amino acids (N∀-Fmoc-protected) and T-
azidohexanoic acid were sequentially attached to isoleucine anchored to HMP resin (0.25
mmol; Applied Biosystems): Asp(O-tBu), Pro, Val, Tyr(tBu), Ile, Ser(tBu), Gln(Trt), and
Tyr(tBu). The linear peptide was cleaved from the resin (203 mg; 0.07 mmol) by treatment
with a 95:2.5:2.5:100 (v/v/v/v) cocktail of TFA:water:triisopropylsilane:methylene chloride
(2 mL). The mixture was gently stirred at room temperature for 1.5 h. The resin was filtered
through a fritted funnel and washed with one volume of the above cocktail. The filtrate was
evaporated with a stream of argon until a precipitate began to form, and then diluted with
ether (10 mL). The precipitated peptide was isolated by centrifugation, washed with ether
twice, and dried. The resultant residue was purified by semi-preparative HPLC using the
general gradient described before. Evaporation of HPLC fractions gave 9.2 mg (0.007
mmol; 11.1%) of a solid: HPLC tR = 23.3 min. MS (MALDI), m/z: 1259.0 ([M+Na]+).

Peptide-click product (14)
Copper sulfate (25 :L; 0.4 M) and sodium ascorbate (25 :L; 0.6 M) were added to a mixture
of 13 (11 mg; 8.9 :mol) and 1 (16 mg; 89 :mol) in 0.2 mL of DMSO. The resultant mixture
was stirred vigorously at room temperature and the progress of the reaction was followed by
HPLC. After 3 h, HPLC indicated the presence of both the azido peptide (tR = 23.3 min) and
the alkyne (tR = 26.7 min); therefore, an additional 25 :L each of copper sulfate and sodium
ascorbate were added. Two hours later, the reaction mixture was filtered through a glass
wool plug, and ether (10 mL) was added to the filtrate. The precipitate that formed was
isolated by centrifugation and washed several times with ether until an HPLC of the
precipitate reconstituted in a solution of 3:2:1 (v/v/v) acetonitrile:water:acetic acid (0.6 mL)
showed the complete removal of the alkyne 1 and a single peak corresponding to 14 (tR =
24.5 min). The dried precipitate weighed 7.6 mg (60%): MS (MALDI) m/z: 1435.6 ([M-H
+Na]+), 1436.5 ([M+Na]+), 1451.5 ([M-H+K]+), 1452.5 ([M+K]+).

Propargyl 4-[18F]fluorobenzoate ([18F]1)
A mixture of 3 (5-10 mg) and the 18F activity resolubilized in acetonitrile (1- 22 mCi in
100 :L) was heated at 130°C for 15 min. Standard analytical HPLC conditions were used for
the determination of radiochemical yields. The reaction mixture was diluted with 3 mL
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anhydrous diethyl ether and passed through a silica Sep pak®, which was activated with 10
mL anhydrous diethyl ether. The reaction vessel was rinsed with an additional 3 mL
anhydrous ether and the rinse passed through the same Sep pak®. The ether eluent was
concentrated under a stream of argon to less than 200 :L. The activity was then transferred to
a 1-mL Reacti® vial and the remaining ether was evaporated with a gentle stream of argon
before use in click reactions. Caution! [18F]1 is rather volatile and significant amounts of
radioactivity can be lost if the argon flow is strong or if the solution is allowed to dry
completely.

(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl 4-[18F]fluorobenzoate ([18F]4)
A solution of benzyl azide in DMSO (1.9 mg in 0.1 mL) was added to [18F]1 (0.2 – 6.2
mCi) in a 1-mL Reacti® vial. Copper sulfate (12.5 :L; 0.4M), and sodium ascorbate (12.5 :L;
0.6 M) were added to the above solution and the mixture was stirred vigorously at room
temperature for 30 min. Radiochemical yields were determined by HPLC using the standard
analytical gradient conditions.

1-[4-(5-amino-1-carboxy-pentylcarbamoyl)-phenyl]-1H-[1,2,3]triazol-4-ylmethyl 4-
[18F]fluorobenzoate ([18F]8)

A solution of 7 (3 – 8 mg) in tert-butanol (200 :L) was added to [18F]1 (0.6 – 1.7 mCi) in a
1-mL Reacti® vial. Copper sulfate (25 :L; 0.4M), and sodium ascorbate (25 :L; 0.6 M) were
added to the above solution and the mixture was stirred vigorously at room temperature for
30 min. Radiochemical yields were determined by HPLC under the standard analytical
gradient conditions.

1-[5-(5-amino-1-carboxy-pentylcarbamoyl)-pentyl]-1H-[1,2,3]triazol-4-ylmethyl 4-
[18F]fluorobenzoate ([18F]12)

The synthesis of [18F]12 was performed essentially as described for [18F]8 starting with
7-10 mg of 11 and 2.5 – 3.0 mCi of [18F]1.

18F-labeled YQSIYVPDI derivative ([18F]14)
A solution of 13 (1 mg) in 100 :L of DMSO was added to [18F]1 (0.6 – 0.7 mCi) in a 1-mL
Reacti® vial. Copper sulfate (12.5 :L; 0.4 M) and sodium ascorbate (12.5 :L; 0.6 M) were
added to the above solution and the resultant mixture was stirred vigorously at room
temperature for 30 min. To determine radiochemical yield, an aliquot of the reaction mixture
was injected onto the Zorbax column; under these conditions, the tR of alkyne 1 and peptide
14 were 27.5 min and 19.3 min, respectively.

Identification of unlabeled byproducts generated in the synthesis of [18F]1
Mock reactions were conducted twice by replacing irradiated water in the synthesis of
[18F]1 with deionized water. The ethereal eluents from the normal phase Sep-pak were
pooled and evaporated. An aliquot of the residue was analyzed by HPLC to ensure the
presence of two pseudo carriers and the remainder was subjected to preparative TLC using
1:9 ethyl acetate:hexanes. The product with an Rf value slightly higher than that of 2 was
isolated. NMR and TLC indicated contamination of the product with a small amount of 2.
NMR had the following peaks in addition to those of 2: 2.55 (m, 1H), 3.93 (s, 1H), 4. 76 (d,
2H), 4.90 (d, 2H), 7.02 (dd, 2H), 8.06 (dd, 2H). GCMS tR = 10.62 min: 214, 175, 159, 131,
141, 131, 121, 103, 92, 77, 63; tR = 11.23 min: 203, 148.

Additionally, the two pseudo carriers were isolated from an actual radiochemical synthesis
of [18F]1 and after allowing the radioactivity to decay, GCMS was performed. The results
were identical to that obtained above.
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Feasibility of scavenging propargyl 4-dimethylaminobenzoate (2)
Polystyrene-bound p-toluenesulfonic acid (SigmaAldrich, cat # 532312; 100 mg, 0.2 – 0.3
mmol) was added to a solution of 2 (4 mg; 0.02 mmol) in 1 mL dry THF and the mixture
was stirred gently at room temperature for 3 h. A 5 :L aliquot of the reaction mixture at 2
and 3 h each was analyzed by reversed-phase HPLC using the standard gradient elution
conditions. The area of the peak corresponding to 2 from these runs was compared to the
area from a HPLC run of a 5 :L solution of 2 before treating with the scavenger resin; 97%
and 99% reduction in the area was seen after 2 h and 3 h, respectively.

Scavenging of 2 generated in the radiofluorination reaction
The dried activity of [18F]1 (~7 mCi) after removal of ether (see above) was reconstituted in
1 mL of THF and this solution was added to polystyrene-bound p-toluenesulfonic acid (116
mg), which was pre-swelled in THF for 30 min. The mixture was stirred gently at room
temperature for 1 h and an aliquot of the supernatant (10 :L) was injected onto reversed-
phase HPLC. As a control, the same volume of the solution of [18F]1 in THF before its
treatment with the scavenging resin was also analyzed by HPLC.

Click reaction of peptide 13 with [18F]1 after its treatment with scavenging resin
The THF solution was carefully removed from the reaction mixture and the beads were
rinsed with one volume of THF and the pooled solution of [18F]1 activity in THF was
transferred to another test tube. THF was evaporated down to a small volume and after
transferring the radioactivity to a Reacti® vial, THF was evaporated to dryness with a very
gentle stream of argon. A solution of peptide 13 (0.65 mg) in 65 :L DMSO was added to the
residual activity (2.96 mCi). Copper sulfate (0.4 M, 8.1 :L) and sodium ascorbate (0.6 M,
8.1 :L) were added to the above solution with stirring and the resultant mixture was stirred at
room temperature for 30 min. The radiochemical yield was determined by analyzing a 10 :L
aliquot of the reaction mixture by HPLC that was run under standard gradient conditions.

RESULTS AND DISCUSSION
To exploit the potential enhanced in vivo stability of compounds with an aromatic carbon-
fluorine bond and the favorable pharmacokinetic properties of the presumptive catabolite 4-
fluorobenzoic acid, we set out to develop propargyl 4-fluorobenzoate as a template for
the 18F labeling of biomolecules via click chemistry. Initially, propargyl 4-fluorobenzoate
(1) was derived by the DCC-mediated esterification of 4-fluorobenzoic acid in 18% yield
(Scheme 1). Treatment of the commercially available 4-fluorobenzoyl chloride with
propargyl alcohol in the presence of a tertiary base provided 1 in 91% yield. The quaternary
salt precursor 3 was synthesized from 4-dimethylaminobenzoyl chloride in two steps in 62%
overall yield. Treatment of 3 with K222/[18F]- in acetonitrile at 130°C for 15 min yielded
[18F]1 in 58 ± 31% (n = 15) decay-corrected radiochemical yields; if 4 outlier values were
excluded, the yield was 75 ± 14%. In this study, we used a standard set of conditions and
have not yet evaluated the effects of reaction variables such as time and temperature on
radiochemical yield. In the HPLC of the reaction mixture there was essentially only one
peak corresponding to 1 in the radioactivity trace (Figure 1). To investigate whether
radioactive byproducts that are highly retained in the HPLC column may account for the less
than ideal radiochemical yields, radio TLC of the reaction mixture was done. However,
radio TLC also indicated that there was only one major peak corresponding to the product
with an insignificant fraction at the origin (Figure 2). Thus, it is likely that some [18F]CH3F
could have been generated (see below) and that it could have been lost by volatilization. The
UV profile of HPLC (Figure 1) indicated that significant amounts of unlabeled materials
were co-eluting with [18F]1. Initially we thought that this might be the unlabeled fluoro
derivative that could be formed as a result of the presence of endogenous carrier fluoride in
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the [18F]fluoride activity [50-52] that we used or possibly due to the exchange of 19F from
the relatively large amount of the triflate precursor used for the radiofluorination reaction
although such exchange normally is not a problem [53]. It should be pointed out that the use
of 10 mg or more of the triflate precursor in 18F-labeling reactions is not unusual [54,55]. To
investigate whether the carrier amounts in the radiolabeled preparations could be reduced by
decreasing the amount of precursor used, radiofluorination reactions were performed using
1-2 mg of 3; however, very poor radiochemical yields were obtained.

To probe whether carrier fluoride present in the irradiated water contributed to the problem,
we conducted radiofluorination reactions using [18F]fluoride that was either transferred
directly from the cyclotron target to the reaction vessel, bypassing the Teflon delivery lines
(a potential source of carrier fluoride) used in routine [18F]FDG production, or obtained
from a commercial vendor. In both cases, the spurious UV peaks in the HPLC profile
reduced in intensity only to small degree. Fortuitously, the retention time of compound 2
under these HPLC conditions was almost same as that of 1. Formation of methyl
[18F]fluoride, formed via the nucleophilic attack of [18F]fluoride on one of the methyl
groups of the trimethylanilinium triflate moiety of quaternary salt precursors, has been
implicated in the low radiochemical yields of intended 18F-labeled compounds [56].
Radiochemical yield of 1 was generally good and even if this side reaction occurred in our
case, the amount of 2 formed as a result should be quite low. The co-eluting unlabeled
product was identified as 2 from the NMR and mass spectral data of this compound isolated
from a mock reaction without radioactivity as well as from the GCMS of the compounds
isolated from an actual reaction (mass spectrum was obtained after the decay of 18F). Based
on these results, we conclude that some nucleophile other than [18F]fluoride itself must be
the cause for the formation of significant amounts of 2.

The feasibility of scavenging 2 from the reaction mixture by using a solid-phase-bound
sulfonic acid derivative was investigated. Polystyrene-bound sulfonic acid has been
employed to scavenge amines [57,58] and we envisaged that it may be possible to remove 2
from the mixture containing [18F]1. HPLC data indicated that treatment of a THF solution of
2 with the scavenging resin removed 97% of the dimethylamine compound in 2 h. It is likely
that almost complete removal of 2 occurred much earlier; however, 2 h is the first time point
we studied. Figure 3 shows the HPLC profile of the reaction mixture before and after
treatment with the scavenging resin demonstrating that it is possible to remove the
byproduct 2. Further studies are needed to optimize conditions including time for removal of
this byproduct.

We next investigated the usefulness of the labeled alkyne [18F]1 in click reactions using four
model compounds including a peptide. As model compounds we selected the commercially
available benzyl azide and two lysine derivatives decorated with azide functions. We chose
the former to facilitate comparison with a similar compound (4-methoxybenzyl azide) that
was used by Sirion et al. [30] and the lysine derivatives served as simple peptide mimics.
The standard of click product of the reaction of benzyl azide and propargyl ester 1 was
obtained in about 60% yield under typical click conditions (Scheme 2). The decay-corrected
radiochemical yield for the synthesis of [18F]4 from benzyl azide and [18F]1 under
conditions adapted from Sirion et al. [30] was 88 ± 4% (n = 3). In one of the lysine
derivatives used, the ∀-amino group was modified with a 4-azidobenzoyl group (Scheme 3).
The substrate 7 was derived from the bis-protected lysine by acylation with 4-azidobenzoic
acid using silica-supported DCC followed by removal of the protecting groups in 70%
overall yield. A standard of the clicked product 8 was obtained by subjecting the
intermediate 5 to click reaction and subsequent removal of the protecting groups from the
resultant 6 in 66% overall yields for two steps. For the synthesis of [18F]8 by reacting 7 with
[18F]1, the average decay-corrected radiochemical yield was 79 ± 33% (n = 3).
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As another model, lysine modified with an azidohexanoyl function was synthesized
(Scheme 4). The final target 12 was generated from bis-protected lysine in 3 steps in an
overall yield of 48%. The substrate for the radiochemical click reaction was synthesized
from the bis-protected lysine in two steps in 80% overall yield. Radiolabeled 12 was
synthesized in 75 ± 5% (n = 3) decay-corrected radiochemical yields under conditions
similar to those used for the synthesis of [18F]8.

Finally, the suitability of [18F]1 for labeling a peptide was investigated. We are working on
a project that involves in vivo imaging of the enzyme transglutaminase (TG). TG is an
important tissue stabilizing enzyme that catalyses the formation of covalent cross-links
between proteins of the extracellular matrix. While it is expressed in a number of normal
cells, it has been shown that TG is extensively expressed in certain tumors, such as human
mammary carcinoma [59]. Also, its expression is up-regulated in drug-resistant and
metastatic breast cancer cells and it can serve as a valuable prognostic marker for these
phenotypes [60]. Recently, optimal substrate peptides for TG were derived by phage display
[61] and, based on this work, we chose the sequence YQSIYVPDI as a possible peptide for
targeting TG. To facilitate click labeling, we initially chose to derivatize this sequence with
the simple azidohexanoic acid; however, in future studies, we plan to use an azido alkanoic
acid containing a suitable PEG chain. The azidohexanoic acid-modified sequence was
synthesized by automated solid-phase peptide synthesis, and from this, a standard of the
click product 14 (Scheme 5) was derived. MALDI mass spectrometric data of 13 and 14 are
consistent with their structures.

Fluorine-18 click labeling of this peptide (13) was performed using DMSO as the solvent
simply because the peptide was not very soluble in tert-butanol. In any case, Sirion et al.
[30] have shown that, in tandem with sodium ascorbate and copper sulfate, DMSO was the
best among the three solvents evaluated for click reactions, including tert-butanol. The
average decay-corrected radiochemical yield for this coupling was quite variable, 37 ± 31%
(n = 4). A typical HPLC profile of this reaction is shown in Figure 4. The two major peaks
corresponded to unreacted 1 and the product peptide; however, there were two other minor
byproducts, which have not been identified.

The radiochemical yields for the click labeling of the simple model compounds were high as
reported for similar 18F labeling reactions [26,29,30]. The radiochemical yield for the
peptide labeling was rather low except in one run when an 80% yield was obtained. This is
contrary to the consistently high yields reported for peptide labeling by other investigators
[26,29]. The lack of sufficient amount of precursor peptide is not likely to have been the
reason for the relatively low and variable yields because Marik and Sutcliffe [26] used only
0.3 pmol of their peptides for their labeling reactions and obtained more favorable results.
On the other hand, Glaser et al. [29] used 2 mg (3-4 :mol) of the alkyne peptide and Li et al.
[31] used 1 mg (0.7 umole) of a RGD peptide with an azide function. It is likely that the low
radiochemical yield is as a result of the presence of substantially large amounts of pseudo
carriers in the [18F]1 preparations. In addition to the formation of 2 that was discussed
earlier, another unlabeled compound with a tR slightly higher than that of 1 also was present
in radiofluorination reaction mixtures. Although NMR and mass spectral data were obtained
for this species, it was not possible to discern the exact identity of this compound from these
data. NMR data indicates that it may be a 1,4-disubstituted benzene derivative with a
propargyl function. The amount of this compound was substantially smaller and
insignificant in some earlier labeling runs (Figure 1) but was observed consistently in
quantities seemingly higher than that of 2 (based on HPLC peak area; see Figure 3-UV
profiles) in later (and most) runs. While the polystyrene-bound sulfonic acid efficiently
removed 2, the amount of the compound with the higher tR peak in the reaction mixture was
unaffected. A click reaction of the peptide was conducted after scavenging 2 from the
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reaction mixture without any improvement in the radiochemical yields (~30%). It is
tempting to speculate that the unidentified product may contain the propargyl function intact
(NMR indicates this may be the case) and therefore it can compete for [18F]1 in the click
reactions. One possibility is that this is formed by the nucleophilic displacement of the
trimethylamine, as in the intended 18F reaction, by the same unknown nucleophile which
generates 2 by its attack on the methyl group. We are currently attempting to identify this
nucleophile and then determine how its presence can be avoided so that [18F]1 can be
obtained in high specific activities. We have developed a method for the synthesis of the
radioiodinated analogue of 1, propargyl 4-[125/131I]iodobenzoate at a no-carrier-added level
by the iododestannylation of a tin precursor and have shown that much higher radiochemical
yields (82%) can be obtained for its click reaction with peptide 13 (will be published
elsewhere) corroborating the fact that the low radiochemical yields seen for the click
reaction of [18F]1 with 13 indeed is due to the presence of a large amount of pseudo carriers.
Although it should be possible to isolate [18F]1 from these pseudo carriers by HPLC and/or
scavenging resins, these additional steps will reduce the effective radiochemical yields.
Further work is needed to address these problems which currently detract from the practical
merit of this approach for labeling biomolecules with 18F.

CONCLUSIONS
We have developed the synthesis of 18F-labeled propargyl 4-fluorobenzoate and
demonstrated its usefulness in click labeling. This could ultimately be another tool in the
armamentarium for the labeling of biomolecules with the short lived 18F radionuclide.
Because 18F is attached to an aryl sp2 carbon, it is expected that compounds labeled with
this prosthetic group will be more inert to in vivo defluorination than other agents reported
for 18F labeling via click chemistry. However, approaches to prevent the formation of or to
remove the formed pseudo carriers from [18F]1 preparations are needed.
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Fig. (1).
A typical HPLC profile of the reaction mixture from the synthesis of propargyl 4-
[18F]fluorobenzoate ([18F]1).
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Fig. (2).
Radio thin layer chromatography profile of the reaction mixture from the synthesis of
propargyl 4-[18F]fluorobenzoate ([18F]1).
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Fig. (3).
HPLC of reaction mixture from the preparation of [18F]1 before and after treatment with
polystyrene-bound sulfonic acid. Reaction mixture was reconstituted in THF as described in
the text and a 10 :L aliquot was injected onto HPLC (left panel). Then the THF solution was
treated with the sulfonic acid derivative for 1 h and 10 :L aliquot was injected again (right
panel). Note the disappearance of the peak corresponding to compound 2 pointed out by
arrows.
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Fig. (4).
HPLC profile of the click reaction between azidohexanoyl-YQSIYVPDI and [18F]1.
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Scheme 1.
Synthesis of unlabeled and 18F-labeled propargyl 4-fluorobenzoate (1) and its quaternary
salt precursor, 4-propargyloxycarbonyl N, N, N-trimethylanilinium
trifluoromethanesulfonate (3).
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Scheme 2.
Synthesis of unlabeled and 18F-labeled (1-benzyl-1H-1,2,3-triazol-4-yl)methyl 4-
fluorobenzoate.
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Scheme 3.
Synthesis of 6-amino-2-(4-azidobenzamido)hexanoic acid (7) and, labeled and unlabeled 1-
[4-(5-amino-1-carboxy-pentylcarbamoyl)-phenyl]-1H-[1,2,3]triazol-4-ylmethyl 4-
fluorobenzoate (8).
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Scheme 4.
Synthesis of 6-amino-2-(6-azidohexamido)hexanoic acid (11) and, labeled and unlabeled 1-
[5-(5-amino-1-carboxy-pentylcarbamoyl)-pentyl]-1H-[1,2,3]triazol-4-ylmethyl 4-
fluorobenzoate (12).
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Scheme 5.
Synthesis of labeled and unlabeled 14.
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