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Abstract: Silicon chemistry has only re-
cently been discovered by radiochem-
ists as a straightforward tool for the in-
troduction of ®F into biomolecules for
positron emission tomography (PET)
imaging. "®F-labeled PET tracers must
be stable towards defluorination under
physiological conditions, but it is
known that the hydrolytic stability of
the silicon—fluorine bond is determined
by the nature of the substituents on sil-

the hydrolytic stability of various syn-
thesized organofluorosilane  model
compounds. By means of density func-
tional theory (DFT) methods a theo-
retical model of organofluorosilane hy-
drolysis, which correlates with the ex-
perimentally determined hydrolytic

Keywords: density  functional
calculations - hydrolysis + organo-
fluorosilanes positron emission

half-lives, is developed. The calculation
of the difference of Si—F bond lengths
between the optimized structures of
the starting material A and the inter-
mediate structure C allows the estima-
tion of the hydrolytic stability of newly
designed compounds. This model per-
mits the facilitated development of im-
proved building blocks for the synthe-
sis of novel *F-silyl-modified biomole-
cules for PET imaging.

icon. In the presented study we per-
formed an extensive investigation on

Introduction

Positron emission tomography (PET) is a non-invasive imag-
ing technology permitting measurement of physiological,
biochemical, and pharmacological functions at the molecular
level. Radiolabeled biomolecules have many potential appli-

[a] A.Hohne, Dr. L. Mu, Prof. Dr. P. A. Schubiger,
Prof. Dr. S. M. Ametamey
Center for Radiopharmaceutical Science of ETH, PSI and USZ
Department of Chemistry and Applied Biosciences
ETH Zurich, 8093 Zurich (Switzerland)
Fax: (441)44-633-1367
E-mail: simon.ametamey@pharma.ethz.ch

[b] L. Yu, Prof. Dr. M. Reiher
Laboratory of Physical Chemistry
Department of Chemistry and Applied Biosciences
ETH Zurich, 8093 Zurich (Switzerland)
Fax: (+41)44-633-1594
E-mail: markus.reiher@phys.chem.ethz.ch

[c] Dr. U. Voigtmann, Dr. U. Klar, Dr. K. Graham
Bayer Schering Pharma AG, Global Drug Discovery
13342 Berlin (Germany)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200802437.

WWILEY

3736 nterScience’

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tomography - synthesis design

cations as probes for PET. Among the available PET nu-
clides, "*F has ideal characteristics regarding its half-life
(109.7 min) and low 8% energy (0.64 MeV). Only recently,
radiochemists have discovered silicon chemistry as a
straightforward tool for the introduction of '*F into biomole-
cules."! Due to the high affinity of silicon for fluorine it is
possible to introduce 'F into silicon-containing biomole-
cules under mild conditions through nucleophilic substitu-
tion with *F~ by using an appropriate labeling precursor.

'®F-labeled PET tracers must be stable towards defluori-
nation under physiological conditions. If free fluoride is re-
leased in the blood by defluorination, it will accumulate in
the bone. Consequently, defluorination of '*F-labeled radio-
pharmaceuticals in vivo becomes a hindrance for imaging,
or leads to needless radiation exposure of patients.” It is
known that the hydrolytic stability of the silicon-halogen
bond is determined by the nature of the substituents on sili-
con. Based on these considerations, different organosilanes
were proposed and used as labeling moieties.!!!

The kinetics and thermodynamics of the hydrolysis of or-
ganofunctional chloro- and especially alkoxysilanes have
been studied extensively, due to the popularity of silyl
ethers as protection groups in organic synthesis, and their
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large scale use, for instance for the production of silicones.”!
To our knowledge, so far only the hydrolysis of some simple
organofluorosilanes has been investigated by theoretical
methods. Furthermore, Schirrmacher et al. have confirmed
the high efficiency of '"F-'°F isotopic exchange reactions of
organofluorosilanes by DFT calculations on three model
compounds (fBu,PhSiF, fBuPh,SiF, Ph;SiF).'¥! The reaction
is predicted to proceed, in accordance with the known
mechanism of nucleophilic substitution at the silicon atom,?’
via a thermodynamically stable pentacoordinate siliconate
intermediate, dissociating immediately to form the radiola-
beled product.

In the present study, we performed an extensive investiga-
tion on the hydrolytic stability of various synthesized orga-
nofluorosilane model compounds (Table 1, 1a-0). We asked
the question whether it would be possible to develop a theo-
retical model of hydrolysis that correlates with our experi-
mental data. By answering this question we hoped to better
understand the detailed factors influencing the stability of
the Si—F bond and so be able to predict the stability of
newly designed compounds. Based on the theoretical calcu-
lations and the experimental hydrolytic half-lives, two build-
ing blocks were selected for coupling to target bombesin
peptides.

Results and Discussion

Synthesis of silicon model compounds: The syntheses of the
organofluorosilanes are outlined in Schemes 1 and 2. The ar-
ylbromides 2 were metalated at 0°C by using dibutylisopro-
pylmagnesate, which was formed in situ from isopropylmag-
nesium chloride and n-butyllithium."” The resulting arylmag-
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2 3 4
(0] o
R? R
iii) RS, %XJJ\OH iv) RS, 1—XJ\N
5N 5N H
H RS R’ H RS R
5 6

Scheme 1. Synthesis of precursors for fluorination; X=p-O(CH,),, (p-
CH,),, p-CH,, m-CH,, or p-(CH,),; R', R?*=H or Me; R¥=iPr, iBu, or
Ph. Reagents and conditions: i) method 1: (iPr)Bu,MgLi, THF, 0°C, 2 h,
then (R%),SiHCI, RT, 2 h (93-99 %); method 2: nBuLi, THF, —78°C, 1 h,
then iPr,SiHCl, RT, 40 h (98 %); ii) method 1: p-TsOH, EtOH, RT, 4 h
(70-93% or crude); method 2: PPTS, EtOH, 55°C, 3 h (72 %); iii) Jones
reagent, acetone, 0°C, 15 min (61-64 % over two steps or 72 % from pure
alcohol); iv) EDC-HCI, benzylamine, CH,Cl,, RT, 19-24 h (65-80%).
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Scheme 2. Synthesis of fluorosilanes 1.
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Table 1. Organofluorosilanes under investigation and their hydrolytic
half-lives (t,,).
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Table 1. (Continued)

Compound Structure tin
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[e]

[a] No hydrolysis observed within 170 h.

nesium intermediates were coupled with diisopropyl-, diiso-
butyl-, or diphenylchlorosilane to give the corresponding ar-
ylsilanes 3 in 93-99 % yield. Based on good experience with
the use of the less sterically demanding reagent n-butyllithi-
um for the synthesis of hindered silanes,"™ we employed
these conditions for the synthesis of the ortho-dimethylaryl
substituted silane (3 with RS=iPr; X=0(CH,),; R!, R’=
Me) and obtained the product in very high yield. In the next
step, THP-protected arylsilanes (THP =tetrahydropyran)
were converted into the free alcohols 4 using p-toluenesul-
fonic acid. These conditions gave, after the deprotection of
the ortho-dimethylaryl substituted silane, the desilylation
product as the main product. Using the less acidic deprotec-
tion agent pyridinium p-toluenesulfonate (PPTS),”! the de-
sired alcohol was obtained in 72% yield. Alcohols 4a—c
(R%=iPr; X=0(CH,),; R!, R*=H or Me) were converted
into the corresponding carboxylic acids 5a—c¢ with Jones re-
agent. The obtained carboxylic acid building blocks were
coupled with benzyl amine in 65-80 % yield. Finally, the flu-
orination of a series of hydrosilanes with different substitu-
tion patterns was carried out under acidic conditions to
obtain the organofluorosilanes of interest.

Hydrolytic stability studies of synthesized organofluorosi-
lanes: '*F-labeled PET tracers should be stable towards de-
fluorination under physiological conditions. Therefore,
model compounds 1a—o were tested for their hydrolytic sta-
bility. For a straightforward data analysis pseudo-first-order
kinetics were assumed (Table 1). The hydrolytic stabilities of
the dimethyl- and diphenyl-substituted fluorosilanes proved
to be very low. After just five minutes in aqueous solution,
fluorosilane 1a was no longer detectable by HPLC. For 1b a
hydrolytic half-life of six minutes was determined. The diiso-
butyl fluorosilane 1f (#,,=21 h) was significantly less stable
than its diisopropyl analogue 11 (79 h). The degree of hy-
drolytic stability of diisopropyl fluorosilanes depends on
their further substitution pattern (Figure 1). There is a de-
crease in hydrolytic stability in the order THP ether (11,
t;,="79 h) > alcohol (1j, 43 h) > carboxylic acid (1h, 37 h) >
amide (1¢, 8 h). As our method of biomolecule modification
comprises the introduction of silicon-containing building
blocks through coupling of the appropriate carboxylic acid
derivatives to a free amine,"™ only an amide can be consid-
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Figure 1. Hydrolytic stability curves for fluorosilanes 1c (m), 1h (o), 1j
(@), and 11 (a).

ered as a reliable model for ®F-labeled silyl-modified bio-
molecules.

The dependency of stability on remote functionalities is
remarkable. To provide further evidence, alcohols differing
in alkyl chain length and position were studied (Figure 2).

AREA% (HPLC)

20 24 28 32 36 40 44 48 652

time (h)

0o 4 8 12 16

Figure 2. Hydrolytic stability curves for fluorosilanes 1g (m), 1i (e),1j
(@), and 1k (a).

The following tendency of stability was observed: p-(CH,),
1k, t;,=61h)>p-(CH,), (1j, 43 h)>p-CH, (1i, 37 h)>m-
(CH,), (1g, 29 h), although the differences are not so pro-
nounced as for the different functionalities. The diisopropyl
silyl amides 1¢, 1d, and 1e have very similar hydrolytic half-
lives (8, 12, and 15 h, respectively) despite containing differ-
ent linkers.

As the improvement in stability through increase of steric
hindrance around the silicon atom was found to be especial-
ly significant (see di-tert-butyl derivative 10),'" the ortho-
monomethyl- and dimethyl-substituted analogues of fluoro-
silane 1e were tested (Figure 3). We observed a dramatic in-
crease in stability for the monomethyl-substituted analogue
1m (#,,=302h), which was further enhanced by another
ortho-methyl group in 1n. No hydrolyzed product was ob-
served during the study period.

Chem. Eur. J. 2009, 15, 3736—-3743
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Figure 3. Hydrolytic stability curves for fluorosilanes 1e (m), 1m (), and
1n (e).

In summary, the very bulky derivatives 1n and 1o are out-
standing in their stability. A drawback regarding the phar-
macokinetic behavior of biomolecules containing these
building blocks might be their relatively high lipophilicity
(clogP=6.10 for 1n and clogP=5.56 for 1e), which in
some cases can be compensated for by other polar function-
alities present in the biomolecule. In addition, the silicon—
aryl bond in 1n is not very stable and therefore prone to
cleavage, as shown by the desilylation during deprotection
of the ortho-dimethylaryl substituted silane (3 with RS=Pr;
X=0(CH,),; R!, R?=Me) with p-toluenesulfonic acid. We
hypothesized that a theoretical model of hydrolytic stability
that correlated with our experimental data might allow us to
design new compounds with similar stability, but lower lipo-
philicity than 1n and 1o.

Theoretical calculations: To find a suitable DFT functional
to describe accurately the fluorinated organosilicon com-
pounds, we selected a 2-(phenylazo)phenyl allyldifluorosi-
lane as a reference compound, as it is similar to the organo-
silicon compounds under consideration and has already
been characterized by X-ray crystallographic analysis
(Figure 4).

As shown by the data in Table 2, the BP86 and B3LYP
functionals were apparently not good enough to describe
the molecular structure. In contrast, the functionals TPSS
and TPSSH yielded much better results that are very close
to the experimental measurements. To reproduce accurately
the Si—F bonds, we used the larger basis set TZVPP for the
Si atoms. Owing to the RI technique, the pure functional
TPSS allows quicker calculations compared to the hybrid
functional TPSSH. Therefore we selected the TPSS/RI/
TZVP(P) combination of density functional and basis set
for our DFT calculations.

Fluorosilanes 1a, 1c—e, 1i-k and 1m-o0 were selected for
the DFT calculations. Figure 5 shows the optimized struc-
tures for the selected compounds obtained with TPSS/RI/
TZVP(P). The environment of the silicon atoms for all com-
pounds is similar and the ligand exchange energies of all
compounds are not large (Table 3), which indicates that ex-
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Figure 4. TPSS/RI/TZVP(P) optimized structure of 2-(phenylazo)phenyl
allyldifluorosilane. Bond lengths are given in Angstréms and bond angles
in degrees. Experimental data are given in parentheses. Hydrogen atoms:
white; carbon atoms: brown; nitrogen atoms: blue; fluorine atoms:
yellow; silicon atoms: light brown.

Table 2. Selected bond lengths (A) for optimized structures of 2-(phenyl-
azo)phenyl allyldifluorosilane.!

Si—N2 Si—F1 Si—F2 Si—C1 Si—C2

BP86/RI/TZVP 2.501 1.664 1.650 1.892 1.906
B3LYP/TZVP 2.589 1.645 1.633 1.885 1.894
TPSS/RI/TZVP 2.390 1.662 1.647 1.885 1.905
TPSSH/TZVP 2.401 1.652 1.638 1.881 1.897
TPSS/RI/TZVP(P) 2.394 1.646 1.631 1.881 1.900
experiment 2.389 1.623 1.596 1.858 1.864

[a] TZVP(P) refers to the TZVPP basis set only for the Si atom and the
TZVP basis set for all of the other atom.

change of F~ versus HO™ is thermodynamically feasible,
with the OH derivatives being more stable than the F deriv-
atives. Neither the bond lengths and angles nor the partial
charges and ligand exchange energies show a correlation
with the experimentally determined hydrolytic half-lives of
the corresponding substances.

Scheme 3 shows a possible Sy2 mechanism for the hydrol-
ysis of the Si—F bond, which, according to our calculations,
occurs most probably under inversion. The proposed path-
way is in accordance with the known mechanism of nucleo-
philic substitution at the silicon atom, which is believed to
proceed via a pentacoordinate intermediate.’) The Si—F
bond lengths of the optimized intermediate structures C
(Figure 6) are an essential factor for this hydrolysis reaction.
As shown by the data in Table 4, the distance between the
O atom in HO™ and the Si atom is shorter than the bond
length of Si—F. When the Si—F bond length is short, the F
atom binds strongly to the Si atom, so that hydrolysis is dif-
ficult to accomplish. This mechanism should not be taken
too literally, since it was obtained by consideration of micro-
solvated model structures only. However, these details are
not important for the quantitative concept designed for the
stability prediction of the Si—F bond against hydrolysis, as
we shall see. In fact, we did not optimize the transition state
structure, since the stable intermediate C already serves our

www.chemeurj.org — 3739
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Figure 5. Optimized structures obtained with TPSS/RI/TZVP(P) for compounds 1a-o. Hydrogen atoms: white; carbon atoms: brown; nitrogen atoms:
blue; oxygen atoms: red; fluorine atoms: yellow; silicon atoms: light brown.

Table 3. Selected bond lengths, angles, partial charges, and ligand exchange energies (R—F+HO™—R—-OH+F") for compounds 1a-o obtained with
TPSS/RI/TZVP(P).l!

Bond lengths [A] Bond angles [°] Partial charges Ligand exchange ty, [h]
Si-F Si-R* Si—R® F-Si—R* F-Si-—R® Si F C(R"Y) C(R%) energy [kJmol™']

la 1.638 1.890 1.878 105.89 106.98 1.87 —0.63 —0.86 -1.10 —43.1 0
1c 1.640 1.888 1.902 105.70 106.77 1.92 —0.64 —0.50 —0.66 —43.3 8
1d 1.644 1.894 1.900 105.35 105.53 1.92 —0.64 —0.88 —0.67 —41.3 12
le 1.641 1.883 1.899 105.37 105.66 1.92 —0.64 —0.53 —0.66 —43.5 15
1i 1.641 1.886 1.900 104.91 106.34 1.92 —0.64 —0.50 —0.66 —40.5 37
1j 1.641 1.885 1.903 105.73 106.62 1.92 —0.64 —0.51 —0.66 —42.3 43
1k 1.642 1.882 1.901 105.49 106.08 1.92 —0.64 —0.51 —0.66 —41.6 61
1m 1.644 1.890 1.905 103.36 104.78 1.93 —0.65 —0.53 —0.67 —49.6 302
1n 1.648 1.906 1.914 108.47 105.72 1.96 —0.65 —0.53 —0.68 —35.7 00
1o 1.644 1.892 1.921 103.93 104.44 2.02 —0.66 —0.53 —0.49 —42.0 %)

[a] R-=larger substituent group on the silicon atom. RS=two smaller substituent groups on the silicon atom. C(R") means the Si-connected C atom in
the larger substituent group. C(R®) refers to the C atoms in the two smaller substituent groups.

R! R H R! = R OH
’ H,0 ‘ O | HO.. ‘ ‘
+| CH _ + b _ |
.S A Si _*2H0 Heg Usi _HO" si H0, F S
Rz\\\“‘ / \F Rz\\\\\‘ \F ;—I RZ\\\\“ / \F Rz\\\“ / \F Rz\\\\\* / \R1
R? 2 TTTUHO RS THO RS TTHO 3
A R B 2 c 2 c 2 R D

Scheme 3. Sy2 mechanism (with H,O as a spectator) of the hydrolysis reaction for the organofluorosilanes.

Figure 6. Optimized intermediate structures C obtained with TPSS/RI/TZVP(P) for compounds 1a-o. Hydrogen atoms: white; carbon atoms: brown; ni-
trogen atoms: blue; oxygen atoms: red; fluorine atoms: yellow; silicon atoms: light brown.
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Table 4. Selected bond lengths and angles of the optimized intermediate
structure C, and difference of Si—F bond lengths between the optimized
structures A and C (Air) obtained with TPSS/RI/TZVP(P) for com-
pounds 1a-o.

Bond lengths [A] Bond angles [°] Asir  tn

Si-F  Si-OH Si-R' F-Si-OH F-Si-R* [A]  [h]
la 1872 1.798 1.934 172.82 84.75 0.234 0
1c 1.861 1.791 1.950 176.30 87.63 0.221 8
1d 1865 1.797 1.935 173.50 84.62 0.221 12
le 1864 1.811 1.947 175.29 89.38 0.223 15
1i 1.859 1.792 1.942 173.37 89.63 0.218 37
1j 1.855 1.794 1.945 174.66 89.30 0.214 43
1k 1.853 1.795 1.946 174.56 89.40 0.211 61
Im 1831 1.805 1.953 170.22 90.44 0.187 302
In 1817 1.794 1.988 165.52 94.47 0.169  >300
lo 1827 1.791 1.961 175.05 86.96 0.183 >300

purposes (because all reaction steps that produce C from A
can be considered reversible). We should emphasize, how-
ever, that the microsolvated structures chosen for Scheme 3
have not been selected randomly. Instead, we performed
structure optimization of different microsolvated structures.
One might think, for example, that up to three water mole-
cules could be bound to the fluorine atom in the Si—F bond,
but the microsolvated structures show that this is not the
case. If we start a structure optimization from a triply hy-
drated fluorine atom this leads to the dissociation of two of
the three water molecules. While one is then hydrogen-
bonded to the water molecule that still coordinates to the
fluorine atom, the third one binds easily to any other polar
atom in the molecule. Hence, it is sufficient to consider only
a single water molecule in our model, which we would like
to be as simple, but also as efficient, as possible.

If less than about 5% defluorination after 6 h is accepted
as the criterion for a stable compound allowing the realiza-
tion of a PET study, a hydrolytic half-life of approximately
81 h arises as the minimum requirement for stability. Ac-
cordingly, the following trend (Figure 7) can be derived
from the differences of Si—F bond lengths between the opti-
mized structures A and C (Table 4): compounds with A

y=-0.0001x + 0.2216
R2=0.9674

y =-0.0008x + 0.2317

R2=0.6928

50 100 150 200 250 300 350 400

ti2 (h)
Figure 7. Hydrolytic half-lives (¢,,,) of selected fluorosilanes versus differ-
ences of Si—F bond lengths (A r)) between the optimized structures of

starting material A and intermediate C. Trendline obtained by linear re-
gression analysis considering 1c-e, 1i-k, and 1m.
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n>0.211 A are relatively unstable (¢, <81 h); the ones with
Asir <0.187 A are stable according to our criterion (f,>
81 h). Additionally, the influence of small changes in the
larger substituent group on the silicon atom (R") is reflected
by the model: the difference of Si—F bond lengths between
the optimized structures A and C for 1¢ (0.221 A, 1,,=8h)
is larger than for 1j (0.214 A t,,=43 h), and for 1i (0.218 A,
t,,=37 h) larger than for 1k (0.211 A 1,,=61 h).

The linear correlation of the half-lives and the change in
the Si—F bond length from A to C (Figure 7) can be ration-
alized as follows. First of all, the Si—F bond length in struc-
ture C is activated, because of the hydroxyl group coordinat-
ed to the silicon atom and because of the water molecule
that enhances the leaving group character of the fluorine
ion. Hence, the longer the bond length the more activated
the fluorine atom should be and the faster hydrolysis should
occur. However, since all Si—F bonds in the different mole-
cules A under consideration feature different equilibrium
bond lengths, the activation of the Si—F bond in C can only
be measured against the equilibrium bond length in the cor-
responding structure A. Consequently, the bond length dif-
ference should be an appropriate measure, and the linear
behavior highlighted by Figure 7 confirms this assumption.

If we consider model compounds 1a, 1¢, 1d, and 1e with
half-lives less than 15 h, a poor linear correlation (R2:0.69,
Figure 7) of A r) and t,,, is observed. Because 1a is distant
from the linear relationship between A and f
(Figure 7), it is reasonable to exclude 1a from the linear re-
gression analysis. Indeed, exclusion of 1a results in a better
correlation of the data (R*=0.97). Compound 1a is a special
case, because it hydrolyzes immediately in aqueous solution
and is the least stable compound among all the fluorosilanes
examined. We speculate this might be due to the much
better accessibility of the silicon atom in 1a compared to
the other more bulky fluorosilanes, and therefore faster ki-
netics of the exchange of F for OH. The hydrolytic half-life
of 1n goes to infinity and lies outside the scale of Figure 7.
This is also the case for 1o, which showed no hydrolysis
after 170 h. However, if ¢, of 1n and 10 are calculated from
their A values, hydrolytic half-lives of 449 h and 330 h,
respectively, are extrapolated. All in all, the linearity of the
model is, to a certain degree, disturbed at the two extremes
of the scale. The hydrolytic half-lives are presumably influ-
enced by different kinetic and/or equilibrium effects de-
pending on the bulkiness of the organic substituents on Si.

'8F radiolabeling: The "*F labeling of the silicon model com-

pounds is depicted in Scheme 4. The influence of tempera-
ture and that of acetic acid as an additive were also investi-

K["®FIF, K;2,

Le K,CO,, CH,CO,H R
R—Si—Linker ———> " *""%. R-Si—Linker
R DMSO R

R = methyl, isopropyl, terf-butyl
Linker = alkyl, aryl
LG = alkoxyl, H

Scheme 4. **F radiolabeling of synthesized silicon model compounds.
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gated. High yields of "*F incor-
poration were achieved under
mild labeling conditions with
less sterically hindered silicon
model compounds (Table 5,
[*F]-1a-1). The Si—"*F bond
formation was site-specific and
tolerated the presence of a hy-
droxyl functionality, as demon-
strated by compound [*F]-1j. HN
Interestingly, the influence of
acetic acid on the F-labeling
efficiency of compounds [**F]-
le, [*F]-1m, and [*F]-1n was
also related to the bulkiness of
the substituents on the silicon
atom. The '"F-radiolabeling
yield was dramatically in-
creased with the addition of acetic acid for [*F]-1e (93%
versus 25 %, Table 5), a compound with no methyl substitu-
ents on the phenyl ring. The more sterically hindered ana-
logues [®F]-1m and [®F]-1n gave lower radiochemical
yields with the addition of acetic acid. In general, it can be
concluded that the more difficult it is to achieve substitution
of the H atom by '*F, the more stable the compound.

Based on the radiolabeling results (Table 5), theoretical
calculations, and the hydrolytic half-lives (Table 1), we se-
lected 1¢ (t,,=8h) and 10 (¢,,>300h) and coupled their
corresponding acids to bombesin peptides using standard
solid-phase peptide synthesis protocols.”) The radiolabeling
of the diisopropylsilyl building block containing the bombe-
sin derivative was investigated. A reaction time of 30 min at
90°C led to 34% 'F incorporation. We verified the hydro-
lytic stability of the 'F label after the addition of water to
an aliquot of the reaction mixture at different time points
using HPLC analysis. As anticipated, and similar to what we
observed with model compound 1¢, the silicon-based bomb-
esin peptide ['®F]-1p was not stable in aqueous media. The

Y

\ii/ NH
SSENY

Table 5. "*F radiolabeling of various silicon model compounds.

Product®) T [°C]  Acetic acid [uL] ~ Conversion [% ]  Ref.
[*Fl-1a 30 3 84 (1h]
[*Fl-1a 65 3 92 (1h]
[*Fl-1d 30 3 93 (1h]
[*F]-1d 65 3 9% (1h]
['*F]-1e 65 3 93 this work
['*F]-1e 65 0 25 this work
["*F]-1j 65 3 97 this work
["*F]-11 65 3 90 this work
[*F]-1m 65 3 25 this work
[®Fl-1m 65 0 70 this work
["F]-1n 65 3 2 this work
["*F]-1n 65 0 41 this work
["*F]-1n 90 0 48 this work
[*Fl10 65 3 69 [1h]

[a] **F-labeling was carried out in 300 uL. DMSO with 5 mg precursor for
15 min. [b] Determined from radio-HPLC chromatograms representing
the percentage of radioactivity area of product related to the total radio-
activity area.
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percentage of ["*F]-1p in radiochromatograms decreased to
37 and 13% of the original value within 0.5 and 1 h, respec-
tively. Regarding the di-tert-butylsilyl-bombesin peptide, up
to 74% '8F incorporation was obtained for compound [**F]-
1q after 20 min at 110°C. After semi-HPLC purification, its
stability was investigated. As predicted by the calculation re-
sults, no degradation products of [*F]-1q (Figure 8)""! were
observed either in phosphate buffer or in mouse plasma
after 2 h at 37°C.

Conclusion

A series of organofluorosilanes have been synthesized, ra-
diolabeled with ®F~ in good radiochemical yields, and tested
for their hydrolytic stability. A theoretical model of hydro-
Iytic stability was developed that correlates with the experi-
mental data. The calculation of the difference of the Si—F
bond lengths between the optimized structures of the start-
ing material A and the intermediate structure C allows the
estimation of the hydrolytic half-life of newly designed com-
pounds. With this model in hand, the development of im-
proved building blocks for direct access to novel '“F-silyl-
modified biomolecules for PET imaging will be significantly
facilitated.

Experimental Section

The syntheses of compounds 1a, 1¢, 1d, and 10 have been described pre-
viously."" The synthesis and chemical characterization of the other com-
pounds are described in the Supporting Information. Details about the
radiolabeling with "F are available in the Supporting Information. For
the determination of the hydrolytic stability, compounds la-o (1.0-
2.3 mgmL", 2-9 mmol L") were dissolved in acetonitrile/aqueous buffer
(2:1; pH 7) and incubated at room temperature (23°C). Hydrolysis (de-
crease in starting material + increase in hydrolysis product) was moni-
tored by RP-HPLC at different time points. The decay parameters were
calculated by exponential regression (Excel).
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Figure 8. Radio-HPLC chromatograms of 2-(4-(di-tert-butyl-
[**F]fluorosilyl)phenyl)acetyl-Arg-Ava-Gln-Trp-Ala-Val-NMeGly-His-
Sta-Leu-NH, (["*F]-1q) after 2h: a)in phosphate buffer; b)in mouse
plasma.

Computational Methods

The all-electron Kohm—Sham DFT calculations were performed with the
quantum-chemical program package Turbomole.'""! In the DFT calcula-
tions the pure functionals BP86!"? and TPSS!™! in combination with the
resolution-of-the-identity (“RI”) density fitting technique, and also the
hybrid functionals B3LYP!"¥ and TPSSH!™! were applied. The TZVP and
TZVPP basis sets by Schifer et al.'! were employed for the DFT calcu-
lations. For the calculation of partial charges, natural population analysis
as implemented in Gaussian 03 was used.!'”’ The molecular structures
were visualized with the program Molden."*! All geometry optimizations
were performed in C; symmetry.
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