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IntroductionACHTUNGTRENNUNG[18F]Fluorine is among the most commonly used radionu-
clides for positron emission tomography (PET).[1a,b] This
non-invasive imaging modality provides information about

the in vivo distribution of radiolabeled biomolecules. It has
become an important and powerful diagnostic imaging tool
in clinical cardiology, neurology, and oncology. Conventional
methods for the syntheses of 18F-labeled peptides have hith-
erto been based on multi-step procedures involving pros-
thetic groups suitable for bioconjugation.[2a–c] However,
given the short half-life of 18F (110 min), this multi-step
chemistry is a major drawback. Even novel methods such as
solid-phase 18F-fluoropropionylation[3] and the most recently
introduced “click-chemistry” approach[4,5] require purifica-
tion of the 18F synthon by HPLC or distillation prior to final
peptide coupling. Time-consuming work-up often reduces
the final preparative yield and the specific activity of the
product.[6] Consequently, the development of 18F-acceptors
bearing functionalities that allow facile conjugation to bio-
molecules under mild conditions is highly desirable. Recent-
ly, Perrin and co-workers published the carrier-added 18F la-
beling of trialkoxysilanes as potential labeling precursors for
PET,[2d] whereas Ametamey et al. described a similar label-
ing approach using silicon-containing building blocks for the
18F-labeling of peptides in a single step.[2e] In previous publi-
cations,[6,7] we have demonstrated that di-tert-butylphenyl-
fluorosilane, tBu2PhSiF, displays ideal 19F–18F exchange with
an 18F source, and that the resulting [18F]-labeled tBu2PhSiF
is inert towards hydrolysis under physiological conditions.[7]

Abstract: The syntheses of the func-
tionalized triorganofluorosilanes tBu2-ACHTUNGTRENNUNG(p-XC6H4)SiF (3 a, X=SH; 4 a, X =

NCS; 4 b, X= NCO; 5, X=NC4H2O2;
7, X=COOH; 8 a, X=COONC4H4O2;
8 b, X= COOC6F5) are reported. These
compounds display potential as silicon-
based fluoride acceptors (SiFAs). The
molecular structures of compounds 5,
7, and 8 a have been determined by
single-crystal X-ray diffraction studies.
With the exception of compounds 8 a

and 8 b, all of the compounds could be
18F-labeled by isotopic exchange in
good to high radiochemical yields
(RCY) with good to excellent specific
activities. As proof of applicability, the
maleimido-functionalized SiFA deriva-

tive 5, which is specific for thiol groups,
has been used for the labeling of rat
serum albumin (RSA) that had been
derivatized with 2-iminothiolane. The
incorporation of [18F]5 into the deriva-ACHTUNGTRENNUNGtized RSA reached a maximum yield
after 30 min at ambient temperature.
After purification, the [18F]RSA was
evaluated in a healthy rat by means of
mPET and displayed an expedient in
vivo stability over 180 min.

Keywords: fluorine · isotopic label-
ing · positron emission tomography ·
radiopharmaceuticals · silicon ·
X-ray diffraction

[a] Dipl. Chem. L. Iovkova, M. Sch�rmann, Prof. Dr. K. Jurkschat
Lehrstuhl f�r Anorganische Chemie II
Technische Universit�t Dortmund
44221 Dortmund (Germany)
E-mail : klaus.jurkschat@uni-dortmund.de

[b] Dr. B. W�ngler, Dipl. Chem. G. Quandt, Dr. G. Boening
Klinik und Poliklinik f�r Nuklearmedizin
Ludwig-Maximilians-Universit�t M�nchen
81377 M�nchen (Germany)
E-mail : bjoern.waengler@med.uni-muenchen.de

[c] Dr. E. Schirrmacher
Lady Davis Institute for Medical Research
McGill University
Jewish General Hospital
3755, Chemin de la C�te St. Catherine
Montreal, QC (Canada)

[d] Prof. Dr. R. Schirrmacher
McConnell Brain Imaging Centre
Montreal Neurological Institute, McGill University
3800 University Street, Montreal, QC (Canada)

� 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 2140 – 21472140



Consequently, the functionalized derivative tBu2 ACHTUNGTRENNUNG[p-
C(O)HC6H4]SiF was prepared as a silicon-based fluorine ac-
ceptor (SiFA) and linked, via the aldehyde function, to bio-
molecules. The latter could then be successfully applied for
in vivo screenings. In continuation of these studies, we
report here the syntheses and structures of aryl-di-tert-butyl-
fluorosilanes bearing a variety of functional groups at the
aryl substituent, and demonstrate that these compounds are
particularly suitable as 18F-labeling precursors for biomole-
cules. As a proof of principle, we have employed, in a con-
venient procedure, a maleimido-derivatized SiFA compound
for the [18F�]-labeling of the protein rat serum albumin
(hereafter referred to as RSA).

Results and Discussion

Reaction of silyl-protected functionalized p-bromobenzenes
(1 a–c) with tert-butyllithium and di-tert-butyldifluorosilane
at �78 8C provided the triorganofluorosilanes (2 a–c). De-
protection under acidic conditions gave the SiFA synthons
3 a–c in good to excellent yields (Scheme 1).

Treatment of the amine 3 b with thiophosgene in toluene
provided the corresponding isothiocyanato derivative (4 a),
and analogous treatment with phosgene yielded the isocya-
nato derivative (4 b). By reaction with maleic anhydride in
diethyl ether followed by cyclization with acetic anhydride
and sodium acetate, the para-substituted aniline derivative
3 b was quantitatively converted into 1-[4-(di-tert-
butylfluoroACHTUNGTRENNUNGsilanyl)phenyl]pyrrole-2,5-dione (5) (Scheme 2).

Single crystals of 5 suitable for X-ray diffraction analysis
were obtained by recrystallization from n-hexane.

The alcohol 3 c was converted into the corresponding al-
dehyde 6 by reaction with pyridinium chlorochromate. Sub-
sequent oxidation with KMnO4 gave the carboxylic acid 7
(Scheme 3), from which the activated esters 8 a and 8 b were
prepared (Scheme 4).

The molecular structures of 5, 7, and 8 a are shown in Fig-
ures 1–3, respectively, and selected geometric parameters
are collected in Table 1.

All of the compounds crystallized monoclinically, with
eight (5, 7) or four (8 a) molecules in the unit cell. The sili-

Scheme 1. Synthesis of the functionalized triorganofluorosilanes. i) tBuLi,
tBu2SiF2; ii) deprotection. X = functional group, PG=protecting group.

Scheme 2. Derivatization of the amine 3 b. i) Phosgene/thiophosgene,
PhCH3; ii) maleic anhydride, Et2O, acetic anhydride, sodium acetate.

Scheme 3. Oxidation of the alcohol 3 c. i) pyridinium chlorochromate in
CH2Cl2; ii) KMnO4, CH2Cl2/tert-butanol/pH 3–4.

Scheme 4. Synthesis of the activated esters 8 a and 8b. i) EDCI, HO-Su,
DMF; ii) DCC, pentafluorophenol, dioxane.

Table 1. Selected bond lengths [�] and angles [8] for 5, 7, and 8a.

5 7 8a

Si�F 1.6110(14) 1.6130(14) 1.6115(12)
Si�C(1) 1.865(2) 1.898(2) 1.878(2)
Si�C(11) 1.877(2) 1.767(3) 1.880(2)
Si�C(15) 1.879(2) 1.801(3) 1.885(2)
F-Si-C(1) 105.42(8) 102.73(10) 103.82(8)
F-Si-C(11) 104.12(9) 103.78(11) 104.39(8)
F-Si-C(15) 105.15(9) 107.87(10) 105.87(8)
C(1)-Si-C(11) 111.33(9) 114.52(12) 112.71(9)
C(1)-Si-C(15) 110.89(10) 111.90(11) 109.49(9)
C(11)-Si-C(15) 118.63(10) 114.72(13) 119.05(9)

Figure 1. Molecular structure of 5. Atomic displacement parameters are
drawn at a 30% probability level.

Figure 2. Molecular structure of 7. Atomic displacement parameters are
drawn at a 30% probability level.
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con atoms in these compounds are four-coordinate and
show distorted tetrahedral configurations with average
angles of 109.258 (5, 7) and 109.228 (8 a). The largest devia-
tions from the tetrahedral angle are found for C(11)-Si-
C(15) (119.05(9)8, 8 a) and F-Si-C(1) (102.73(10)8, 7).

The Si–F distances are rather similar, ranging from
1.6110(14) (5) to 1.6130(14) � (7). They are slightly longer
than that in tBuPh2SiF (1.6004(10) �).[8] A noteworthy fea-
ture is the non-symmetric intramolecular O(1)-H(1)···O(2A)
hydrogen bridge (O(1)-H(1) 1.06(3) �, H(1)···O(2A)
1.59(3) �, O(1)···O(2A) 2.651(2) �; aO(1)-H(1)-O(2A)
176(2)8) that links two molecules of 7 to give a dimer. Such
hydrogen bridges are common in the solid-state structures
of p-silylarylcarboxylic acids.[9]

Radiolabeling : All of the functionalized SiFA compounds
reported here are potentially useful for the further labeling
of biomolecules such as peptides and proteins. Thus, the p-
thiophenol-substituted compound 3 a could react with malei-
mido-derivatized molecules, while the aminobenzene deriva-
tive 3 b could react with epoxide-modified biomolecules.
The benzylic alcohol 3 c, on the other hand, could be trans-
formed into di-tert-butyl[4-(chloromethyl)phenyl]fluorosi-
lane, which could undergo subsequent reactions with ACHTUNGTRENNUNGamino-,ACHTUNGTRENNUNG
thiol-, or hydroxyl-substituted biomolecules. The isothiocy-
anato- and isocyanato-substituted derivatives 4 a and 4 b
could be employed for the direct labeling of amines, provid-
ing stable thioureas and ureas, respectively. The p-male-ACHTUNGTRENNUNGimido ACHTUNGTRENNUNGphenyl-substituted fluorosilane 5 has the potential to
selectively bind thiol functions in biomolecules, while the al-
dehyde 6 has already been shown to be suitable for labeling
the peptide Tyr3-octreotate through oxime formation.[6,7] Fi-
nally, the benzoic acid derivative 7, in its 18F-labeled form,
could be transformed into an active ester, which, in turn,
could be employed for direct protein coupling. Alternative-
ly, the active esters 8 a and 8 b could be directly used for the
same purpose, provided that the functionality is sufficiently
stable under the radiolabeling conditions.

We therefore thoroughly investigated the isotopic 19F-18F
exchange reactions of the abovementioned SiFA compounds
using 5–50 nmol of each compound and non-aqueous 18F� in
acetonitrile and/or DMSO. The radiolabeling was achieved
by using either anhydrous 18F�/Kryptofix 2.2.2./K+ or an
azeotropically dried mixture of [nBu4N]HCO3 and aqueous
18F� in acetonitrile or DMSO at room temperature. The

method employed for the drying of 18F� had no influence on
the RCYs of the labeled SiFA compounds. The isotopic ex-
change reactions of compounds 3 a–8 b were terminated
after 10–30 min at room temperature, yielding the 18F-la-
beled SiFA derivatives in RCYs of 18–95 % (Table 2). The

RCYs were determined by means of radio-HPLC (see the
Experimental Section). As has been reported previously,[6]

the 18F-labeling of compound 6 proceeds rather efficiently
and just 3.75 nmol of 6 was needed to bind up to 3 GBq of
18F�. However, such extremely efficient isotopic exchange
could only be verified for two of the newly synthesized SiFA
derivatives, namely compounds 3 b and 4 a. In these particu-
lar cases, 15–50 nmol of 3 b and 10–15 nmol of 4 a, respec-
tively, were sufficient to react with up to 2.0 GBq of 18F�

within 5–10 min at room temperature, yielding [18F]3 b and
[18F]4 a in RCYs in the ranges 70–92 % and 80–95 %, respec-
tively. The other derivatives bearing -SH, -NCO, -COOH, or
maleimido functions gave significantly lower RCYs, even at
higher concentrations. Interestingly, the reactions of the re-
spective active esters 8 a and 8 b with basic 18F�/Krypto-
fix 2.2.2./K+ carbonate solution or with
[nBu4N]/18F�/ ACHTUNGTRENNUNG[nBu4N]HCO3 in acetonitrile or DMSO did
not give the 18F-labeled products at all. Instead, quantitative
cleavage of the Si�Cphenyl bond was observed under the ex-
perimental conditions employed. After a reaction time of
just 10 min, the 18F-labeled carboxylic acid p-
[18F]FC6H4COOH was detected by HPLC in RCYs of 7 and
18 % respectively, in addition to free 18F�. Apparently, the
modified ester functions in both 8 a and 8 b facilitate the nu-
cleophilic attack of fluoride at silicon followed by Si�C
bond cleavage. Thus, in a control NMR experiment, com-
pound 8 a was treated with Bu4NF·3 H2O, and the 19F NMR

Figure 3. Molecular structure of 8 a. Atomic displacement parameters are
drawn at a 30% probability level.

Table 2. Labeling of different SiFA compounds by isotopic 19F–18F ex-
change.[a]

Compound Concentration
[nmol mL�1]

t
[min]

18F� [MBq] used in
the reaction

RCY
[%]

3a 30–50 10 1000–1500 40–60
3b 15–50 10–

30
1000–1500 70–92

3c 50 10–
30

1000–1500 0

4a 10–15 10 1000–2000 80–95
4b 50 10–

30
1000–1500 18–25

5 20–50 10–
30

1000–3000 40–42

6 8–10 10 1000–2500 80–95
7 30–50 10–

30
1000–2000 64–70

8a 50 10–
30

1000–1500 0

8b 50 10–
30

1000–1500 0

[a] Labeling experiments were carried out at room temperature by using
either 18F�/Kryptofix 2.2.2./K+ or [nBu4N]/18F� solution in acetonitrile or
DMSO. The specific activities were in the range between 9 GBq per
mmol (compound 4) and 680 GBq/mmol (compound 6).
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spectrum recorded after 24 h showed a singlet resonance at
d=�160 ppm, corresponding to tBu2SiF2.

Notably, neither isotopic 18F–19F exchange nor Si�C bond
cleavage was observed in the labeling experiment on the
benzylic alcohol derivative 3 c. In contrast, the benzoic acid
derivative 7 could be labeled in good RCYs of 64–70 %. The
labeling experiments are summaACHTUNGTRENNUNGrized in Table 2.

The ultimate aim of these syntheses of functionalized
SiFA compounds is their use as labeling agents in PET ra-ACHTUNGTRENNUNGdio ACHTUNGTRENNUNGchemistry. In particular, the field of protein labeling with
18F has attracted the attention of many research groups and
has been thoroughly reviewed.[10a–k] The [18F]maleimido
SiFA compound 5 is well suited for the labeling of larger
molecules such as proteins with 18F, taking advantage of the
highly efficient and irreversible reaction between a malei-
mide and a thiol moiety to form a thio ACHTUNGTRENNUNGpyrrolidine-2,5-dione.
This type of labeling reaction has itself proven valuable in
many cases.[11] Therefore, we se-
lected 18F-labeled compound 5
for application to the synthesis
of 18F-labeled RSA (Scheme 5).

The RSA molecule contains
insufficient thiol moieties for an
adequate introduction of 5.
Consequently, in order to intro-
duce additional thiol groups,
which, in turn, should enhance
the labeling efficiency, RSA
(5 mg) was derivatized at its
amino functions by reaction
with 2-iminothiolane (10 equiv).
Ellman�s assay revealed two
thiol moieties per modified
RSA molecule. After derivati-
zation, the RSA was purified
using a size-exclusion gel car-
tridge (illustra NAP-5). In
order to label the modified
RSA dissolved in 50 mm phos-
phate buffer (pH 6.5), a solu-
tion of 5 (20–50 mg, 60–
150 nmol) in acetonitrile
(500 mL) was reacted with up to
1 GBq of azeotropically dried
18F�. The [18F]5 thus formed
could be easily purified by
simple solid-phase extraction
(10 mg HLB cartridge) and sub-
sequent elution with ethanol
(250 mL), providing a labeling
solution of high purity (<5 %
18F�). The solution of [18F]5 was
added to the modified RSA
and the mixture was allowed to
react at room temperature for
30 min. The crude reaction mix-
ture was then purified by size-

exclusion gel chromatography, yielding 20–40 MBq of pure
[18F]5-labeled RSA (5% RCY). The relatively low RCY
may be attributed to the inefficient reaction between the
maleimide and the thio-modified RSA as well as the insta-
bility of [18F]5 in the buffer solution. However, the overall
reaction time was just 40 min, which is favorably brief in
comparison to previously reported methods.[2c] Another ad-
vantage was that the synthesis of the labeling synthon [18F]5
did not require any HPLC purification. A rat biodistribution
experiment with purified [18F]RSA showed only a slight de-
crease of blood pool radioactivity between 10 min and
180 min after injection (Figure 4).ACHTUNGTRENNUNG[18F]Albumin was mainly excreted into the intestine, while
kidney uptake was relatively low. Only a slight increase of
radioactivity accumulation in the bone was observed over
180 min, which demonstrates a high in vivo stability of the

Scheme 5. Synthesis of [18F]5-labeled RSA. A) Derivatization of RSA (10 mg, 150 nmol) with 2-iminothiolane
(10 equiv) and subsequent purification by size-exclusion chromatography (NAP-5). B) Synthesis of [18F]5 by
reacting 5 (20–50 mg, 60–150 nmol) for 10 min at room temperature with azeotropically dried 18F� (1 GBq).
C) Reaction of [18F]5 with 5 mg of the derivatized RSA (75 nmol) yielding 18F�-labeled RSA.

Figure 4. a) MIP image (maximum intensity projection) of an [18F]albumin scan of a healthy rat acquired over
180 min, showing radiotracer accumulation in the large arteries, the liver, the heart, and the intestine.
b) Time–activity curves of a CD rat after application of [18F]albumin, derived from the image data. Radioactiv-
ity was measured over 180 min in the liver, the kidney, the arteries, the bone, and the left ventricle (LV), using
a volume of interest (VOI) technique.
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tracer. As an organ with a large blood volume, the liver
showed high uptake similar to that of the blood pool.

Conclusion

Motivated by our breakthrough findings[6] that p-
(tBu2FSi)C6H4CHO undergoes 18F for 19F exchange, that the
resulting 18F-labeled compound is sufficiently stable under
physiological conditions, and that it can be easily coupled to
biomolecules, we have synthesized a number of para-func-
tionalized aryl-di-tert-butylfluorosilanes, p-(tBu2FSi)C6H4X
(X= functional group). These compounds broaden the spec-
trum of silicon-based 18F-acceptors (SiFAs) for potential
PET applications. Exemplarily, we have demonstrated that
the [18F]maleimido derivative 5 can be employed for the
synthesis of [18F]5-labeled rat serum albumin (RSA), the ap-
plicability of which for PET has been verified by in vivo ex-
periments. However, it has also become apparent that the
efficiency of 18F for 19F exchange in p-(tBu2FSi)C6H4X de-
pends on the identity of the functional group X.

Experimental Section

General methods: All solvents used for the syntheses of 3a–8b were pu-
rified by distillation from appropriate drying agents under argon atmo-ACHTUNGTRENNUNGsphere. Solvents and chemicals used in the labeling experiments were
purchased in the highest available grade and were used without further
purification. The NMR experiments were carried out with Bruker
DRX 400, Bruker DRX 300, and Varian Mercury 200 spectrometers.
Chemical shifts (d) are given in ppm and are referenced to the solvent
peaks, with the usual values calibrated against tetramethylsilane (1H, 13C,
29Si) and CFCl3 (19F). High-resolution mass spectra were obtained with an
LTQ Orbitrap mass spectrometer (Thermo Electron) using acetonitrile
as the mobile phase. Solutions in acetonitrile were injected by means of a
TriPlus Autosampler onto a DFS system (perfluorokerosene as refer-
ence), connected to a Trace GC Ultra 2000 system; column: DB-5MS
(25 m, 0.25 mm ID, film 0.1 mm). FT infrared spectra were recorded using
a Bruker IFS 28 spectrometer. Elemental analyses were performed on a
LECO CHNS-932 analyzer.

Crystallography : Crystals of compounds 5 and 8b suitable for single-crys-
tal X-ray diffraction analyses were grown by recrystallization from n-
hexane. Compound 7 was recrystallized from n-hexane/Et2O solution at
�18 8C. Crystallographic data are summarized in Table 3. Intensity data
were collected with a Nonius KappaCCD diffractometer using graphite-
monochromated MoKa radiation. The data collections covered almost the
whole sphere of the reciprocal space with three (5) or four (7 and 8b)
sets at different k angles and 227 (5), 339 (7), or 494 (8 b) frames by w ro-
tation (D/w= 18) at 2� 160 s (5), 80 s (7), or 60 s (8b) per frame. Crystal
decay was monitored by repeating the initial frames at the end of the
data collection. Analysis of the duplicate reflections revealed no indica-
tion of any decay. The structures were solved by direct methods
(SHELXS-97[23]) and refined by full-matrix least-squares methods
(SHELXL-97[24]). All H atoms were located in the difference Fourier
map and their positions were isotropically refined with Uiso constrained
at 1.2 times Ueq of the carrier C atom for non-methyl groups and 1.5
times Ueq of the carrier C atom for methyl groups. Atomic scattering fac-
tors for neutral atoms and real and imaginary dispersion terms were
taken from the International Tables for X-ray Crystallography.[25] The fig-
ures were created with SHELXTL.[26] CCDC 704771, 704583, and 704772
contain the supplementary crystallographic data for this paper. These

data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif

1-(tert-Butyldimethylsilanylsulfanyl)-4-(di-tert-butylfluorosilanyl)benzene
(2 a): At �78 8C under magnetic stirring, a solution of tBuLi in pentane
was added to a solution of (4-bromophenylsulfanyl)-tert-butyldimethylsi-
lane[11] (2.61 g, 8.60 mmol) in diethyl ether (30 mL). After the reaction
mixture had been stirred for 30 min at �78 8C, the resulting suspension
was added dropwise over a period of 20 min to a cooled (�78 8C) solu-
tion of di-tert-butyldifluorosilane[11] (1.86 g, 10.32 mmol) in diethyl ether
(30 mL). The reaction mixture was allowed to warm to room temperature
over a period of 12 h and then hydrolyzed with saturated aqueous NaCl
solution. The organic layer was separated and the aqueous layer was ex-
tracted with diethyl ether (3 � 50 mL). The combined organic layers were
dried over magnesium sulfate. After the magnesium sulfate had been fil-
tered off, the filtrate was concentrated in vacuo to give a residue that
contained 16% di-tert-butylfluorophenylsulfanylsilane and 84 % 1-(tert-
butyldimethylsilanylsulfanyl)-4-(di-tert-butylfluorosilanyl)benzene. The
latter was separated by distillation (b.p. 188–190 8C at 5 � 10�3 Torr) to
provide 2 a as a yellow oil (2.74 g, 7.13 mmol, 83 %). 1H NMR
(300.13 MHz, CDCl3): d =7.44 (m, 4H; Harom), 1.03 (d, 4J ACHTUNGTRENNUNG(1H,19F)=

1.1 Hz, 18H; CH3), 0.95 (s, 9 H; CH3), 0.17 ppm (s, 6 H; CH3);
13C{1H} NMR (100.63 MHz, CDCl3): d =134.5 (s; Ci), 134.0 (d, 3J-ACHTUNGTRENNUNG(13C,19F)=4 Hz; Cm), 133.6 (s, Co), 131.7 (d, 2J ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 27.2
(s; CH3), 26.3 (s; CCH3), 20.1 (d, 2J ACHTUNGTRENNUNG(13C,19F)= 12 Hz; CCH3), 18.9 (s;
CH3), �6.8 ppm (s; SiCH3); 19F NMR (282.38 MHz, CDCl3): d=

�191.5 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si) =298 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3):
d=14.4 ppm (d, 1J ACHTUNGTRENNUNG(29Si,19F)=298 Hz); HR-MS: m/z : calcd for

Table 3. Crystallographic data for 5, 7, and 8 a.

5 7 8a

empirical formula C18H24FNO2Si C15H23FO2Si C19H26FNO4Si
formula mass
[gmol�1]

333.47 282.42 379.50

crystal system monoclinic monoclinic monoclinic
crystal size 0.34 � 0.20 � 0.12 0.20 � 0.10 � 0.10 0.28 � 0.14 � 0.12
space group C2/c C2/c P21/n
a [�] 35.752(4) 26.625(3) 14.384(3)
b [�] 6.9474(10) 6.4985(8) 6.4800(13)
c [�] 14.9184(13) 21.560(3) 21.935(4)
b [8] 91.663(8) 126.35(3) 101.68(3)
V [�3] 3703.9(7) 3004.3(7) 2002.2(7)
Z 8 8 4
1calcd [mg m�3] 1.196 1.249 1.259
m [mm�1] 0.144 0.163 0.149
F ACHTUNGTRENNUNG(000) 1424 1216 808
q range [8] 2.93–25.35 3.06–25.00 2.89–25.33
Index ranges �42�h�42 �31�h�31 �17�h�17

�8�k�8 �7�k�7 �7�k�7
�17� l�17 �19� l�25 �26� l�26

no. of reflections
collected

12415 15 990 25 569

completeness of
qmax [%]

99.6 99.7 99.4

no. of independent
reflections/Rint

3377/0.029 2641/0.035 3640/0.047

no. of reflections
observed with
[I>2s(I)]

1822 1192 1827

no. of refined pa-
rameters

214 181 241

GooF (F2) 0.875 0.870 0.861
R1(F) [I>2s(I)] 0.0405 0.0377 0.0370
wR2 (F2) (all data) 0.0996 0.0633 0.0705ACHTUNGTRENNUNG(D/s)max 0.001 0.000 0.000
largest difference
peak/hole [e��3]

0.135/�0.200 0.126/�0.248 0.180/�0.264
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C20H37F
32S28Si2: 384.2133; found 384.2146; elemental analysis calcd (%)

for C20H37FSSi2 (384.74): C 62.4, H 9.7; found C 62.3, H 9.4.

4-(Di-tert-butylfluorosilanyl)benzenethiol (3 a): A solution of 2a (2.6 g,
6.75 mmol) in a mixture of dichloromethane (10 mL) and trifluoroacetic
acid (7.7 g, 5.2 mL, 67.5 mmol) was stirred for 24 h.[11] The volatiles were
then evaporated in vacuo (at 10�3 Torr) to afford 3 a as a yellowish oil in
quantitative yield. 1H NMR (300.13 MHz, C6D6): d=7.47 (d, 3J ACHTUNGTRENNUNG(1H,1H)=

8 Hz, 2 H; Harom), 7.07 (d, 3J ACHTUNGTRENNUNG(1H,1H)=8 Hz, 2H; Harom), 3.12 (s, 1 H; SH),
1.09 ppm (d, 4J ACHTUNGTRENNUNG(1H,19F)=1 Hz, 18H; CH3); 13C{1H} NMR (75.48 MHz,
C6D6): d=134.5 (d, 3J ACHTUNGTRENNUNG(13C,19F)= 4 Hz; Cm), 133.9 (s; Ci), 129.9 (d, 2J-ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 128.2 (s; Co), 27.2 (s; CH3), 20.2 ppm (d, 2J-ACHTUNGTRENNUNG(13C,19F)=12 Hz; CCH3); 19F NMR (282.38 MHz, CDCl3): d=

�190.7 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si) =298 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3):
d=14.2 ppm (d, 1J ACHTUNGTRENNUNG(29Si,19F)= 298 Hz); IR (KBr): ñ =2571 cm�1 (SH);
HR-MS: m/z : calcd for C14H23F

32S29Si: 270.1268; found 270.1269; elemen-
tal analysis calcd (%) for C14H23FSSi (270.48): C 62.2, H 8.6; found C
62.0, H 8.7.

2-[4-(Di-tert-butylfluorosilanyl)phenyl]-1,1,1,3,3,3-hexamethyldisilazane
(2 b): At �78 8C under magnetic stirring, a solution of tBuLi in pentane
(24 mL, 1.5 mol L�1) was added to a solution of 2-(4-bromophenyl)-
1,1,1,3,3,3-hexamethyldisilazane[12] (5.50 g, 17 mmol) in diethyl ether
(60 mL). After the reaction mixture had been stirred for 30 min at
�78 8C, the suspension obtained was added dropwise over a period of
30 min to a cooled (�78 8C) solution of di-tert-butyldifluorosilane (3.67 g,
20.4 mmol) in diethyl ether (50 mL). The reaction mixture was allowed
to warm to room temperature over a period of 12 h and then hydrolyzed
with saturated aqueous NaCl solution. The organic layer was separated
and the aqueous layer was extracted with diethyl ether (3 � 100 mL). The
combined organic layers were dried over magnesium sulfate. After the
latter had been filtered off, the filtrate was concentrated in vacuo to give
2b (6.55 g, 16.5 mmol, 97%) as a colorless oil that solidified (m.p. 38 8C).
1H NMR (300.13 MHz, CDCl3): d=7.66 (d, 3J ACHTUNGTRENNUNG(H,H) =8.1 Hz, 2H; Hm),
7.01 (d, 3J ACHTUNGTRENNUNG(H,H) =8.1 Hz, 2H; Ho) 1.19 (d, 4J ACHTUNGTRENNUNG(1H,19F)=1.0 Hz, 18 H;
CH3), 0.18 ppm (s, 18 H; CH3); 13C{1H} NMR (100.63 MHz, CDCl3): d=

149.5 (s; Ci), 134.1 (d, 3J ACHTUNGTRENNUNG(13C-19F) =4 Hz; Cm), 129.3 (s; Co), 127.6 (d, 2J-ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 27.3 (s; CH3), 20.3 (d, 2J ACHTUNGTRENNUNG(13C,19F)=12 Hz; CCH3),
1.9 ppm (s; SiCH3); 19F NMR (282.38 MHz, CDCl3): d=�191.5 ppm (s,
1J ACHTUNGTRENNUNG(19F,29Si)=298 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3): d=14.5 (d, 1J-ACHTUNGTRENNUNG(29Si,19F)=298 Hz; (tBu)2FSi), 4.8 ppm (s, 2Si; (CH3)3Si); HR-MS: m/z :
calcd for C20H40FN28Si3 397.2447; found 397.2450; elemental analysis
calcd (%) for C20H40FNSi3: (397.79): C 60.4, H 10.1, N 3.5; found C 60.2,
H 9.8, N 3.4.

p-Aminophenyl-di-tert-butylfluorosilane (3 b): Gaseous HCl (10 molar
equiv, freshly generated from NaCl and H2SO4) was slowly passed
through a solution of 2b (2.45 g, 6.16 mmol) in chloroform (50 mL) that
was maintained under reflux. After completion of the reaction, theACHTUNGTRENNUNGvolatiles ACHTUNGTRENNUNG were evaporated under reduced pressure to leave a residue that
was dried in vacuo (1 � 10�3 Torr) to afford 4-(di-tert-butylfluorosilanyl)-
phenylamine hydrochloride as a white powder in quantitative yield
(1.78 g). This white powder was dissolved in diethyl ether and the result-
ing solution was washed with saturated aqueous NaHCO3 solution. The
aqueous phase was extracted three times with diethyl ether. The com-
bined organic layers were dried over MgSO4 and filtered. Concentration
of the filtrate in vacuo afforded 3b (1.56 g) as an orange oil in quantita-
tive yield. 1H NMR (300.13 MHz, CDCl3): d=7.57 (d, 3J ACHTUNGTRENNUNG(1H,1H)=8 Hz,
2H; Hm), 6.42 (d, 3J ACHTUNGTRENNUNG(1H,1H) =8 Hz, 2 H; Ho), 2.97 (br, 2 H; NH2),
1.19 ppm (d, 4J ACHTUNGTRENNUNG(1H,19F)=1 Hz, 18H; CH3); 13C{1H} NMR (75.48 MHz,
C6D6): d= 148.2 (s; Ci), 135.2 (d, 3J ACHTUNGTRENNUNG(13C-19F)= 4 Hz; Cm), 120.3 (d, 2J-ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 114.4 (s; Co), 27.4 (s; CH3), 20.3 ppm (d, 2J-ACHTUNGTRENNUNG(13C,19F)=12 Hz; CCH3); 19F NMR (282.38 MHz, CDCl3): d=

�190.7 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si) =296 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3):
d=14.2 ppm (d, 1J ACHTUNGTRENNUNG(29Si,19F)=296 Hz); IR (KBr): ñ=3388 (ns NH2),
3475 cm�1 (ns NH2); HR-MS: m/z : calcd for C14H24FN28Si: 253.1657;
found 253.1659; elemental analysis calcd (%) for C14H24FNSi (253.43): C
66.4, H 9.6, N 5.5; found C 66.5, H 9.6, N 5.4.

Di-tert-butylfluoro(4-isothiocyanatophenyl)silane (4 a): A solution of 4-
(di-tert-butylfluorosilanyl)phenylamine (0.91 g, 3.6 mmol) in toluene
(20 mL) was added dropwise to a solution of thiophosgene (14.4 mmol,

1.14 mL) in toluene (30 mL) at 0 8C.[13] The reaction mixture was then
heated at reflux for 4 h. After the solution had been cooled to room tem-
perature, the volatiles were removed in vacuo to afford 4a as a dark-
brown oil in quantitative yield (1.05 g). 1H NMR (300.13 MHz, CDCl3):
d=7.59 (d, 3J ACHTUNGTRENNUNG(1H,1H)=8 Hz, 2H; Hm), 7.23 (d, 3J ACHTUNGTRENNUNG(1H,1H)=8 Hz, 2H;
Ho), 1.04 ppm (s, 18 H; CH3); 13C{1H} NMR (75.48 MHz, CDCl3): d=

136.1 (s; NCS), 135.1 (d, 3J ACHTUNGTRENNUNG(13C,19F)=4 Hz; Cm), 133.4 (d, 2J ACHTUNGTRENNUNG(13C,19F)=

14 Hz; Cp), 132.5 (s; Ci), 124.9 (s; Co), 27.2 (s; CH3), 20.3 ppm (d, 2J-ACHTUNGTRENNUNG(13C,19F)=12 Hz; CCH3); 19F NMR (282.38 MHz, CDCl3): d=

�191.1 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si) =297 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3):
d=14.2 ppm (d, 1J ACHTUNGTRENNUNG(29Si,19F)=297 Hz); IR (KBr): ñ=2092 (CN), 732 cm�1

(CS); HR-MS: m/z : calcd for C15H22FN32S28Si: 295.1221; found 295.1227;
elemental analysis calcd (%) for C15H22FN32S28Si (295.49): C 60.9, H 7.5,
N 4.7; found C 61.1, H 7.4, N 4.5.

Di-tert-butylfluoro(4-isocyanatophenyl)silane (4 b): A solution of 4-(di-
tert-butylfluorosilanyl)phenylamine (1.44 g, 5.7 mmol) in toluene (20 mL)
was added dropwise to a 20 % solution of phosgene in toluene (30 mL,
57 mmol) at 0 8C.[13] The reaction mixture was then heated at reflux for
4 h. After the solution had been cooled to room temperature, theACHTUNGTRENNUNGvolatiles were removed in vacuo to afford 4 b as a green-brown oil that
solidified (1.42 g, 5.1 mmol, 89%). 1H NMR (300.13 MHz, CDCl3): d=

7.56 (d, 3J ACHTUNGTRENNUNG(1H,1H)=7.5 Hz, 2 H; Hm), 7.12 (d, 3J ACHTUNGTRENNUNG(1H,1H)= 7.5 Hz, 2 H; Ho),
1.05 ppm (s, 18H; CH3); 13C{1H} NMR (75.48 MHz, CDCl3): d=135.2 (d,
3J ACHTUNGTRENNUNG(13C,19F)=4 Hz; Cm), 134.7 (s; Ci), 131.3 (d, 2J ACHTUNGTRENNUNG(13C,19F)=15 Hz; Cp),
125.1 (s; Co), 27.3 (s; CH3), 20.2 ppm (d, 2J ACHTUNGTRENNUNG(13C,19F) =12 Hz; CCH3);
19F NMR (282.38 MHz, CDCl3): d =�191.2 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si)=298 Hz);
29Si{1H} NMR (59.63 MHz, CDCl3): d=14.2 ppm (d, 1J ACHTUNGTRENNUNG(29Si,19F)=

298 Hz); IR (KBr): ñ=2263 (C=N), 1469 cm�1 (C=O); HR-MS: m/z :
calcd for C15H22OFN28Si: 279.1449; found 279.1423; elemental analysis
calcd (%) for C15H22FNOSi (279.43): C 64.5, H 7.9, N 5.0; found C 64.0,
H 7.9, N 4.7.

1-[4-(Di-tert-butylfluorosilanyl)phenyl]pyrrole-2,5-dione (5): A two-
necked flask fitted with a dropping funnel and a reflux condenser was
charged with maleic anhydride (0.47 g, 4.8 mmol) and diethyl ether
(20 mL).[14] The mixture was stirred magnetically until all of the maleic
anhydride had dissolved. A solution of 4-(di-tert-butylfluorosilanyl)phe-
nylamine (1.22 g, 4.8 mmol) in diethyl ether (5 mL) was then added by
means of a dropping funnel to give a viscous suspension. This was stirred
at room temperature for 1 h and then cooled to 10 8C. A cream-colored
powder was precipitated, which was collected by filtration and used for
subsequent reactions without further purification. 1H NMR (300.13 MHz,
CDCl3): d=7.78 (d, 3J ACHTUNGTRENNUNG(1H,1H) =7 Hz, 2 H; Hm), 7.65 (d, 3J ACHTUNGTRENNUNG(1H,1H)=7 Hz,
2H; Ho), 6.69 (d, 3J ACHTUNGTRENNUNG(1H,1H)=13 Hz, 1 H; CH), 6.36 (d, 3J ACHTUNGTRENNUNG(1H,1H)=13 Hz,
1H; CH), 1.05 ppm (s, 18H; CH3); 19F NMR (282.38 MHz, CDCl3): d=

�191.2 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si) =297 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3):
d=14.2 ppm (d, 1J ACHTUNGTRENNUNG(29Si,19F)= 297 Hz).

A 50 mL flask was charged with acetic anhydride (5 mL) and anhydrous
sodium acetate (0.5 g).[14] The acid (1.48 g, 4.2 mmol), obtained as de-
scribed above, was added, and the resulting mixture was heated over a
steam bath for 30 min to dissolve the suspended solids. After the reaction
mixture had been cooled to room temperature, it was poured into iced
water (50 mL) to precipitate the product, which was separated by filtra-
tion and washed with ice-cold water (3 � 10 mL) and with petroleum
ether (20 mL, b.p. 30–60 8C). Recrystallization from n-hexane gave 5 as
yellow needles (1.05 g, 3.16 mmol, 75 %). M.p. 125–126 8C; 1H NMR
(300.13 MHz, CDCl3): d=7.69 (d, 3J ACHTUNGTRENNUNG(1H,1H)=7.5 Hz, 2 H; Hm), 7.38 (d,
3J ACHTUNGTRENNUNG(1H,1H)= 7.5 Hz, 2 H; Ho), 6.85 (s, 2H; CH), 1.05 ppm (s, 18H; CH3);
13C{1H} APT-NMR (75.48 MHz, CDCl3): d= 169.5 (s; CO), 134.8 (d, 3J-ACHTUNGTRENNUNG(13C,19F)=5 Hz; Cm), 134.4 (s; CH), 133.7 (d, 2J ACHTUNGTRENNUNG(13C,19F) =15 Hz; Cp),
132.6 (s; Ci), 124.8 (s; Co), 27.4 (s; CH3), 20.4 ppm (d, 2J ACHTUNGTRENNUNG(13C,19F) =12 Hz;
CCH3); 19F NMR (282.38 MHz, CDCl3): d =�191.2 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si)=

299 Hz); 29Si{1H} NMR (59.63 MHz, CDCl3): d=14.2 ppm (d, 1J-ACHTUNGTRENNUNG(29Si,19F)=299 Hz); IR (KBr): ñ=1709 cm�1 (C=O); HR-MS: m/z : calcd
for C18H24O2FN28Si: 333.1555; found 333.1554; elemental analysis calcd
(%) for C18H24FNO2Si (279.43): C 64.8, H 7.3, N 4.2; found C 64.5, H 7.3,
N 4.0.

Di-tert-butyl{4-[(tert-butyldimethylsilyloxy)methyl]phenyl}fluorosilane
(2 c): At �78 8C under magnetic stirring, a solution of t-butyllithium in

Chem. Eur. J. 2009, 15, 2140 – 2147 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 2145

FULL PAPERAryl-di-tert-butylfluorosilanes as Synthons for 18F Labeling

www.chemeurj.org


pentane (46.5 mL, 1.5 mol L�1) was added to a solution of (4-bromoben-
zyloxy)(tert-butyl)dimethylsilane[15] (10 g, 33.2 mmol) in diethyl ether
(200 mL). After the reaction mixture had been stirred for 30 min at
�78 8C, the suspension obtained was added dropwise over a period of
30 min to a cooled (�78 8C) solution of di-tert-butyldifluorosilane (7.16 g,
39.7 mmol, 1.2 equiv) in diethyl ether (150 mL). The reaction mixture
was allowed to warm to room temperature over a period of 12 h and
then hydrolyzed with saturated aqueous NaCl solution. The organic layer
was separated and the aqueous layer was extracted with diethyl ether
(3 � 200 mL). The combined organic layers were dried over magnesium
sulfate and filtered. The filtrate was concentrated in vacuo to afford 2 c
as a yellowish oil (12.4 g, 98%). It was used for subsequent reactions
without further purification. 1H NMR (400.13 MHz, CDCl3): d =7.57 (d,
3J ACHTUNGTRENNUNG(1H,1H)= 7.8 Hz, 2H; Hm), 7.34 (d, 3J ACHTUNGTRENNUNG(1H,1H)=7.8 Hz, 2H; Ho), 4.76 (s,
2H; CH2), 1.05 (s, 18 H; CCH3), 0.95 (s, 9H; CCH3) 0.11 ppm (s, 6H;
SiCH3); 13C{1H} NMR (100.63 MHz, CDCl3): d=142.7 (s; Ci), 133.8 (d, 3J-ACHTUNGTRENNUNG(13C,19F)=4 Hz; Cm), 131.7 (d, 2J ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 125.1 (s; Co), 64.7
(s; CH2), 27.3 (s; CH3), 26.1 (s; CCH3), 25.9 (s; CH3) 20.2 (d, 2J ACHTUNGTRENNUNG(13C,19F)=

12 Hz; CCH3), �5.0 ppm (s; SiCH3); 19F NMR (188.29 MHz, C6D6): d=

�189.9 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si) =298 Hz); HR-MS: m/z : calcd for
C21H39OF28Si2: 382.2523; found 382.2528; elemental analysis calcd (%)
for C21H39FOSi2 (382.70): C 65.9, H 10.3; found C 66.1, H 9.8.

4-(Di-tert-butylfluorosilanyl)benzyl alcohol (3 c): A catalytic amount of
concentrated aqueous HCl was added to a suspension of 2c (12 g,
31.4 mmol) in methanol (300 mL).[16] The reaction mixture was stirred for
18 h at room temperature and then the solvent and the volatiles were re-
moved under reduced pressure. The residue was redissolved in diethyl
ether (200 mL) and the solution was washed with saturated aqueous
NaHCO3 solution. The aqueous layer was extracted with diethyl ether
(3 � 200 mL). The combined organic layers were dried over magnesium
sulfate and filtered. The filtrate was concentrated in vacuo to afford 3 c
as a yellowish oil (7.7 g, 91 %) that solidified (m.p. 82 8C). 1H NMR
(400.13 MHz, C6D6): d= 7.67 (d, 3J ACHTUNGTRENNUNG(1H,1H)=7.7 Hz, 2H; Hm), 7.55 (d, 3J-ACHTUNGTRENNUNG(1H,1H) =7.7 Hz, 2 H; Ho), 4.33 (d, 3J ACHTUNGTRENNUNG(1H,1H)=4.6 Hz, 2H; CH2), 1.21 (t,
3J ACHTUNGTRENNUNG(1H,1H)= 4.6 Hz; OH), 1.11 ppm (s, 18H; CCH3); 13C{1H} NMR
(100.63 MHz, C6D6): d=143.0 (s; Ci), 134.0 (d, 3J ACHTUNGTRENNUNG(13C,19F) =4 Hz; Cm),
132.2 (d, 2J ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 125.9 (s; Co), 64.4 (s; CH2), 27.2 (s;
CH3), 20.0 ppm (d, 2J ACHTUNGTRENNUNG(13C,19F) =12 Hz; CCH3); 19F NMR (188.29 MHz,
C6D6): d=�189.2 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si)=298 Hz); IR (KBr): ñ=3296 cm�1

(OH); HR-MS: m/z : calcd for C15H25OF28Si: 268.1653; found 268.1650;
elemental analysis calcd (%) for C15H25FOSi (268.44): C 67.1, H 9.4;
found C 67.1, H 9.3.

4-(Di-tert-butylfluorosilyl)benzaldehyde (6): A solution of the alcohol 3 c
(5.18 g, 19.3 mmol) in dichloromethane (100 mL) was added dropwise to
a stirred ice-cooled solution of pyridinium chlorochromate (10.4 g,
48.2 mmol) in dry dichloromethane (250 mL).[17] After the reaction mix-
ture had been stirred for 30 min at 0 8C and for 2.5 h at room tempera-
ture, anhydrous diethyl ether (250 mL) was added and the supernatant
solution was decanted from the black gum-like material. The insoluble
material was washed thoroughly with diethyl ether and the combined or-
ganic phases were passed through a short pad of silica gel. The solvents
were removed in vacuo to yield aldehyde 6 as a yellowish oil (4.93 g,
18.5 mmol, 96%), the NMR, IR, and mass spectra of which were in ac-
cordance with the data reported in the literature.[6]

4-(Di-tert-butylfluorosilyl)benzoic acid (7): At room temperature, 1 m

aqueous KMnO4 (45 mL) was added to a mixture of 6 (2.0 g, 7.47 mmol),
tert-butanol (45 mL), dichloromethane (5 mL), and 1.25 m NaH2PO4·H2O
buffer (30 mL) at pH 4.0–4.5.[18] After the mixture had been stirred for
25 min, it was cooled to 5 8C, whereupon excess KMnO4 was added. The
reaction was then quenched by the addition of saturated aqueous Na2SO3

solution (20 mL). Upon addition of 2 n HCl (37.5 %), all of the MnO2

dissolved. The resulting solution was extracted with diethyl ether (3 �
150 mL). The combined organic layers were washed with saturated aque-
ous NaHCO3 solution, dried over MgSO4, filtered, and concentrated
under reduced pressure to provide a white solid, which was purified by
recrystallization from Et2O/n-hexane to give 7 (1.95 g, 93%, m.p. 203 8C).
1H NMR (200.13 MHz, C6D6): d=8.08 (d, 3J ACHTUNGTRENNUNG(1H,1H) =8.1 Hz, 2H; Hm),
7.56 (d, 3J ACHTUNGTRENNUNG(1H,1H)=8.1 Hz, 2 H; Ho), 0.96 ppm (d, 4J ACHTUNGTRENNUNG(1H,1H)=1.1 Hz,

18H; CCH3); 13C{1H} NMR (100.63 MHz, C6D6): d= 171.8 (s; COOH),
140.8 (d, 2J ACHTUNGTRENNUNG(13C,19F)= 13 Hz; Cp), 133.9 (d, 3J ACHTUNGTRENNUNG(13C,19F)= 4 Hz; Cm), 130.4
(s; Ci), 129.1 (s; Co), 27.0 (s; CCH3), 19.9 ppm (d, 2J ACHTUNGTRENNUNG(13C,19F) =12 Hz;
CCH3); 19F NMR (188.29 MHz, C6D6): d=�188.4 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si)=

300 Hz); HR-MS: m/z : calcd for [C15H25O2F
28Si]�: 281.1379; found

281.1367; elemental analysis calcd (%) for C15H23FO2Si (282.43): C 63.8,
H 8.2; found C 63.7, H 8.2.

2,5-Dioxopyrrolidin-1-yl 4-(di-tert-butylfluorosilyl)benzoate (8 a): At
room temperature, 1-ethyl-3-(3’-diaminopropyl)carbodiimide hydrochlo-
ride (EDCI) (0.65 g, 3.39 mmol) was added to a solution of the carboxylic
acid 7 (0.87 g, 3.08 mmol) and 1-hydroxysuccinimide (HO-Su) in di ACHTUNGTRENNUNGmeth-ACHTUNGTRENNUNGylformamide (10 mL).[19] The reaction was monitored by thin-layer chro-
matography and the mixture was stirred until the starting material had
been fully consumed. The addition of water led to the deposition of a
precipitate, which was collected by filtration. The filtrate was extracted
with diethyl ether. The organic layer was washed with saturated NaCl so-
lution (30 mL), dried over MgSO4, and filtered. Concentration of the fil-
trate in vacuo gave a residue, which was recrystallized from n-hexane to
provide 8 b as colorless needles (0.96 g, 2.53 mmol, 82%). M.p. 43–44 8C;
1H NMR (400.13 MHz, CDCl3): d= 8.11 (d, 3J ACHTUNGTRENNUNG(1H,1H) =8.0 Hz, 2H; Hm),
7.75 (d, 3J ACHTUNGTRENNUNG(1H,1H)= 8.0 Hz, 2H; Ho), 2.89 (s, 4 H; CH2), 1.07 ppm (s, 18 H;
CCH3); 13C{1H} NMR (100.63 MHz, CDCl3): d=169.1 (s; CO), 161.8 (s;
COO), 142.8 (d, 2J ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 134.2 (d, 3J ACHTUNGTRENNUNG(13C,19F) =4 Hz; Cm),
129.1 (s; Ci), 125.8 (s; Co), 27.1 (s; CCH3), 25.6 (s; CH2), 20.1 ppm (d, 2J-ACHTUNGTRENNUNG(13C,19F)=12 Hz; CCH3); 19F NMR (188.29 MHz, CDCl3): d=

�188.9 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si)= 298 Hz); HR-MS: ACHTUNGTRENNUNGm/z : calcd for
C19H26O4NF28Si: 379.1609; found 379.1601; elemental analysis calcd (%)
for C19H26FNO4Si (379.49): C 60.1, H 6.9, N 3.7; found C 60.2, H 6.8, N
3.4.

Pentafluorophenyl 4-(di-tert-butylfluorosilyl)benzoate (8 b): 1,3-Dicyclo-
hexylcarbodiimide (DCC) (0.4 g, 19.4 mmol) was added to a mixture of
acid 7 (0.5 g, 1.77 mmol) and pentafluorophenol (0.36 g, 1.94 mmol) in di-
oxane (10 mL).[20] The reaction mixture was stirred for 1 h at room tem-
perature. The dicyclohexylurea formed was filtered off and the filtrate
was concentrated in vacuo. Recrystallization of the residue from n-
hexane yielded 8b (0.59 g, 1.3 mmol, 74%) as a white solid. M.p. 87 8C;
1H NMR (400.13 MHz, CDCl3): d= 8.18 (d, 3J ACHTUNGTRENNUNG(1H,1H) =8.0 Hz, 2H; Hm),
7.80 (d, 3J ACHTUNGTRENNUNG(1H,1H)=8.0 Hz, 2 H; Ho), 1.07 ppm (s, 18H; CCH3);
13C{1H} NMR (100.63 MHz, CDCl3): d =162.6 (s; COO), 142.6 (d, 2J-ACHTUNGTRENNUNG(13C,19F)=14 Hz; Cp), 140.0, 139.5, 137.9 (m; Carom, C6F5), 134.3 (d, 3J-ACHTUNGTRENNUNG(13C,19F)=4 Hz; Cm), 129.3 (s; Ci), 127.8 (s; Co), 125.3 (m; Carom, C6F5),
27.1 (s; CCH3), 20.1 ppm (d, 2J ACHTUNGTRENNUNG(13C,19F)=12 Hz; CCH3); 19F NMR
(188.29 MHz, CDCl3): d =�152.8 (d, 3J ACHTUNGTRENNUNG(19F,19F) =17 Hz, 2F; Fo), �158.3
(t, 3J ACHTUNGTRENNUNG(19F,19F) =21 Hz, 1 F; Fp), �162.8 (dt, 3J ACHTUNGTRENNUNG(19F,19F)=17 Hz, 3J ACHTUNGTRENNUNG(19F,19F)=

21 Hz, 2F; Fm), �188.9 ppm (s, 1J ACHTUNGTRENNUNG(19F,29Si)= 298 Hz, 1 F; SiF); HR-MS:
m/z : calcd for [C21H22O2F6

28Si�C4H9]
+ : 391.0584; found 391.0564; ele-

mental analysis calcd (%) for C21H22F6O2Si (448.47): C 56.2, H 4.9; found
C 56.5, H 5.3.

General procedure for the labeling of SiFA compounds 3a–8 b (Table 2)

a) Preparation of [18F]F�/Kryptofix 2.2.2./K+ complex for SiFA labeling :
No-carrier-added (nca) aqueous [18F]fluoride (5000–18 000 MBq), which
had been prepared by the 18O ACHTUNGTRENNUNG(p,n)18F nuclear reaction on an enriched
[18O]water (95 %) target, was passed through a QMA cartridge (Waters,
pre-activated with 1n K2CO3 (5 mL) and water (10 mL)) and eluted with
a solution of 1n K2CO3 (10 mL) and Kryptofix 2.2.2. (10 mg) in CH3CN/
H2O (900 mL:50 mL). The water was then completely removed from the
mixture by co-evaporation with CH3CN (2 � 1 mL) using a stream of ni-
trogen at 80 8C. The “dried” [18F]F�/Kryptofix 2.2.2./K+ complex was dis-
solved in acetonitrile or DMSO (400–1000 mL) and this stock solution
was used for labeling.

b) Preparation of [nBu4N]18F using [nBu4N]HCO3 for SiFA labeling :
Aqueous [18F]fluoride (5000–18000 MBq), which had been prepared by
the 18O ACHTUNGTRENNUNG(p,n)18F nuclear reaction on enriched [18O]water (95 %), was
loaded onto a Chromafix PS-HCO3 (GE Healthcare Europe) cartridge
and eluted with a mixture of acetonitrile (800 mL) and aqueous tetra-ACHTUNGTRENNUNGbutyl ACHTUNGTRENNUNGammonium hydrogencarbonate solution (200 mL) (c =

0.075 mmol mL�1, ABX, Radeberg, Germany). It was then azeotropically
dried using acetonitrile (2 � 1 mL, stream of nitrogen, 80 8C). The “dried”
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[nBu4N]18F complex was dissolved in acetonitrile or DMSO (400–
1000 mL) and this stock solution was used for labeling.

General procedure for the labeling of SiFA compounds : In a small Ep-
pendorf tube (2 mL), the SiFA compound (for the amount, see Table 2)
was dissolved in acetonitrile or DMSO, and then “dried” 18F� (in acetoni-
trile or DMSO, see Table 2) was added to give a total volume of 50–
500 mL. The mixture was kept at room temperature for the appropriate
time (Table 2), then diluted with water and passed over a pre-conditioned
small reversed-phase solid-phase cartridge (10 mg HLB or SepPak light
C-18, Waters). The cartridge was washed with water and eluted with ace-
tonitrile, DMSO, or in the case of 5 for RSA labeling with ethanol
(250 mL), to yield the SiFA compound for further labeling.

HPLC conditions: For the analysis of the reaction mixtures and quality
control, Agilent series 1200 HPLCs equipped with multi-wavelength UV
detectors and Raytest radioactivity detectors (Straubenhardt, Germany)
were used. The columns used for the quality control of the labeled
[18F]3a–8b were Chromolith Performance RP-18 (100 � 4.6 mm) (Merck,
Darmstadt, Germany) (flow rate: 4 mL min�1; gradient from 100 % water
+ 0.1% TFA to 100 % acetonitrile + 0.1% TFA as eluent in 5 min). A
Superdex 75 size-exclusion column (GE Healthcare Europe), eluted with
10 mm phosphate buffer at pH 7.2 (flow rate 1 mL min�1), was used for
the purification of the 18F-labeled RSA.

Derivatization of RSA : Rat serum albumin (RSA) was labeled in a
model experiment in order to investigate the in vivo stability, the distri-
bution, and the metabolism of the SiFA compound 5. RSA was dissolved
in phosphate buffer (50 mm, pH 8) at a concentration of 10 mg mL�1

(150 nmol mL�1). A 75 mm 2-iminothiolane stock solution was prepared
by dissolving the derivatizing reagent (2.0 mg) in DMF (200 mL). An ali-
quot of the freshly prepared stock solution (10 mL, 10 equiv) was added
to the protein solution (5 mg, 500 mL) and the mixture was allowed to
react at room temperature for 1 h. The derivatized protein was purified
on a Nap-5 column (equilibration buffer: PB 50 mm, pH 6.5) and was ob-
tained in quantitative yield. The degree of sulfhydryl modification was
determined by Ellman�s assay, which revealed approximately two sulf-
hydryl groups per albumin molecule.
18F Labeling of derivatized RSA with [18F]5 : The sulfhydryl-functional-
ized protein (5 mg) in phosphate buffer (1.0 mL, 50 mm, pH 6.5), as ob-
tained from the protein derivatization step, was added to [18F]5 (250 mL
of the aforementioned solution in ethanol) and the mixture was allowed
to react at room temperature for 30 min without stirring. For purification,
the mixture was applied to a gel-chromatography FPLC column (Super-
dex 75). The fraction containing the product (tR =14.9 min) was collected,
sterile filtered, and used for the animal experiment.

Animal experiment : A male CD rat, housed according to German
animal protection laws and protocols of the local committee, was used
for the in vivo evaluation. The experiment was performed under inhala-
tion anesthesia (oxygen 1.2 mL min�1, isofluran 1.5 vol %) and with ap-
propriate warming to prevent hypothermia. 6.5 MBq of [18F]albumin was
intravenously administered via a lateral tail vein. List mode data were ac-
quired over 180 min using a Siemens Inveon 120 small animal PET
system (Siemens Preclinical Imaging, Knoxville, TN, USA) and divided
into temporal frames of increasing length varying from 10 s to 30 min for
the assessment of temporal changes in regional tracer accumulation. To-
mographic volumes were created using two iterations of 3D OSEM fol-
lowed by 18 iterations of 3D MAP iterative reconstruction,[27] yielding a
transaxial spatial resolution of approximately 1.4 mm.
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