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Abstract: A conformationally restricted monofluorinated
a-amino acid, (3-fluorobicyclo[1.1.1]pentyl)glycine (F-Bpg),
was designed as a label for the structural analysis of
membrane-bound peptides by solid-state ’F NMR spectros-
copy. The compound was synthesized and validated as a "F
label for replacing natural aliphatic a-amino acids. Calcula-
tions suggested that F-Bpg is similar to Leu/Ile in terms of size
and lipophilicity. The ’F NMR label was incorporated into the
membrane-active antimicrobial peptide PGLa and provided
information on the structure of the peptide in a lipid bilayer.

The structural analysis of membrane-active peptides embed-
ded in lipid model bilayers under quasi-native conditions or in
native biomembranes has considerably advanced owing to the
use of fluorine-labeled analogues in combination with "“F
NMR spectroscopy. The large gyromagnetic ratio of the F
nucleus, its spin of '/, the absence of any biological back-
ground, and the high sensitivity of ’F NMR chemical shifts to
the local environment render this approach advantageous
over other NMR labeling strategies.!) The conformation,
alignment in membranes, and dynamic behavior of various
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membrane-bound peptides have been determined with this
approach at near-atomic resolution.”! Fluorine-substituted
amino acids that are to be used as °F labels in this approach
have to meet several strict criteria: 1) They must be con-
formationally rigid so that the "F reporter group is placed in
a well-defined position relative to the peptide backbone;
2) they must be compatible with the standard procedures of
solid-phase peptide synthesis (SPPS); and 3) they must not
perturb the native structure and function of the peptide.
These criteria exclude almost all known fluorinated a-amino
acids,” mostly owing to their conformational flexibility.
Over the past decade, we have designed, synthesized, and
explored various CF;-substituted labels (Figure 1a) as ana-
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Figure 1. Selected known a) CF; and b) F labels employed in structural
peptide studies by solid-state °F NMR spectroscopy.®!
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logues of aminoisobutyric acid (1), alanine/valine/leucine/
isoleucine (2),>°! proline (3),"* serine (4),” and phenyl-
alanine (5).[%] Monofluorinated labels, however, that are
capable of delivering the same orientational information as
the CF;-substituted ones, and would be even superior''¥ in
measurements of intra- and intermolecular distances have
received far less attention.'™"! All monofluorinated labels
(6-8) that have been used in the past have serious drawbacks
(Figure 1b). For instance, amino acid 6!'”! is conformationally
flexible, making the structural interpretation of NMR param-
eters ambiguous. In compounds 7 and 8, the position of the '°F
atom is well fixed, but 7" undergoes extensive racemization

Angew. Chem. 2016, 128, 15008 15012


http://dx.doi.org/10.1002/anie.201608116
http://dx.doi.org/10.1002/ange.201608116
http://orcid.org/0000-0002-7908-9145
http://orcid.org/0000-0002-7908-9145
http://orcid.org/0000-0002-7908-9145
http://orcid.org/0000-0002-7908-9145
http://orcid.org/0000-0002-7908-9145
http://orcid.org/0000-0002-7908-9145
http://dx.doi.org/10.1002/anie.201608116

GDCh
~~

during peptide synthesis, and replacing aliphatic amino acids
(Ala, Val, Ile, Leu) with the aromatic compound 7 may
perturb the structure and function of peptides. The use of 8
suffers from the reduced reactivity of the amino acid, and it is
also much more lipophilic and bulkier than natural aliphatic
amino acids.™?

Herein, we report on the rational design, synthesis, and
application of a novel monofluorinated aliphatic amino acid,
(3-fluorobicyclo[1.1.1]pentyl)glycine (F-Bpg, 9). It avoids the
problems associated with the use of 6-8 for the determination
of interatomic distances in membrane-active peptides by
solid-state '’F NMR spectroscopy.

We designed the target structure 9 by analyzing the
advantages and disadvantages of the monofluorinated label
8.1 We replaced the central core in 8 by the smaller, but
nonetheless conformationally rigid bicyclo[1.1.1]pentyl skel-
eton (Scheme 1). Given the reduced size of the side chain, we
expected that 9 should be more reactive than 8 in SPPS.
Calculations (Table 1) indeed confirmed that the designed
amino acid 9 is more similar to natural Leu/Ile than all other
F labels in terms of size and lipophilicity (criterion 3).

We started the synthesis of 9 from dibromide 10, from
which the diacid 121" was readily prepared in several steps via
propellane 11 following literature procedures
(Scheme 2).'*!l However, the transformation of one carbox-
yl group in 12 into a fluorine atom with XeF, under various

- decrease in lipophilicity
and size

CO,H - increase in reactivity CO,H
F ——— F ——< >——<
NH, - keeping the rigidity NH,
8 9

Scheme 1. Design of an optimized '°F NMR label (9) for replacing
aliphatic a-amino acids in membrane-bound peptides.

Table 1: Calculated properties of amino acids.!""

Molecule SASA® [A’]  Volume® [A]  QlogP,,
COLH
Ala 263 372 -3.0
NH,
CO,H
Val 310 474 -7
NH,
CO,H
lle 339 529 -15
NH,
CO,H
Leu 345 536 -15
NH,
CO,H
9 F 343 539 -15
NH,
COH
8 F@% 375 644 ~09
NH,
CO,H
7 F@% 385 619 —10
NH,
CO,H
2 CF3—<>—(NH 383 623 -0.8
2

[a] Total solvent-accessible surface area. [b] Total solvent-accessible
volume. [c] Octanol/water partition coefficient.
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Scheme 2. Synthesis of 9. Reagents and conditions: a) MeLi

(2.1 equiv), pentane/Et,0, —78°C; b) butane-2,3-dione, hv, —5°C;

c) NaOH (16.5 equiv), Br, (7.5 equiv), dioxane/H,0, 0°C, 2 h; then RT,
12 h; d) XeF, (1.5 equiv), CH,Cl,, 0°C; e) Selectfluor (1.8 equiv),
AgNO; (0.2 equiv), H,0, 55°C, 12 h; f) 1-(3-dimethylaminopropyl)-3-
ethyl-carbodiimide (EDCI, 1.3 equiv), DIPEA (1.4 equiv), DMAP

(0.2 equiv), EtOH (2.0 equiv), CH,Cl,, RT, 12 h; g) DIBAL-H

(1.2 equiv), toluene, —78°C, 2 h; h) (R)-2-phenylglycinol (1.2 equiv),
Me;SiCN (3.0 equiv), MeOH, 12 h; i) Pb(OAc), (1.5 equiv), CH,Cl,/
MeOH (1:1), 0°C, 15 min; j) 6N HCI, reflux, 24 h; k) Boc,0

(3.0 equiv), K,CO, (3.0 equiv), H,O/THF (1:1), RT, 12 h; ) HCl/diox-
ane, Et,0, RT, 12 h; m) Na,CO; (5.0 equiv), FmocCl (1.1 equiv),
dioxane/H,0 (2:3), 0°C, 0.5 h; then RT, 12 h; n) HCl/dioxane, RT,

12 h.

conditions!™? afforded only complex mixtures."s Fortunately,
Li and co-workers have recently reported a method for the
decarboxylative fluorination of aliphatic carboxylic acids with
Selectfluor/AgNO;." Inspired by this method, we found that
using 1.8 equiv of Selectfluor provided acid 13 in 50%
yield,”*?! which was then smoothly converted into ester 14
in 92% yield. Reduction of 14 with DIBAL-H at —78°C
resulted in the volatile aldehyde 15, which was used without
isolation in the next step, a Strecker-type reaction with (R)-a-
phenylglycinol as the chiral auxiliary.”” The diastereomeric
products 16a and 16 b were separated by column chromatog-
raphy. Oxidative cleavage of the chiral auxiliary in 16a with
Pb(OAc), in CH,Cl, smoothly gave imine 17. Finally, acid
hydrolysis of 17, followed by treatment with Boc,O/K,CO3,
afforded the Boc-protected amino acid Boc-9 in 83 % yield.
Cleavage of the N-Boc group gave the target amino acid
9-HCI as a white solid. Treatment with FmocCl/Na,CO; then
gave Fmoc-9. The S configuration of the newly formed
stereocenter was confirmed by X-ray analysis of derivative
18 (Scheme 2).!

www.angewandte.de

An dte

Chemie

15009


http://www.angewandte.de

An dte

Chemie

GDCh

N L Zuschriften

15010 www.angewandte.de

To evaluate the practical applicability of the novel amino
acid 9 as a ’F NMR label for peptide studies, we incorporated
it into the antimicrobial peptide PGLa from the skin of
Xenopus laevis (GMASKAGAIAGKIAKVALKAL-NH,)?
with established oa-helical structure and a well-characterized
membrane-bound alignment.”” We synthesized the doubly
labeled peptide 19 (GMASK9GAI9GKIAKVALKAL-NH,)
in which the residues Ala® and Ala'® were replaced by 9
(Scheme 3) to assess the potential of the label in detecting the
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Scheme 3. SPPS of the PGLa analogue 19 with two '°F labels 9.

F-F contacts. We choose this labeling strategy because it
would allow for a direct comparison of our results with
previous F-"F distance measurements on the same pepti-
de.['™ Notably, amino acid 9 was readily incorporated into the
polypeptide under the standard conditions of manual SPPS.
Degradation, low reactivity, or racemization of 9 were not
observed, in contrast to the previously tested labels 7 and 8
(criterion 2).11>12]

Solid-state "’F NMR spectroscopy of the peptide recon-
stituted in  1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) bilayers gave the expected two 'F resonances
(Figure 2). Circular dichroism (CD) spectroscopy of the
labeled peptide showed that its a-helical character was
slightly decreased compared to the wild-type peptide
(Figure 3). This is probably due to the replacement of two
amino acids in the peptide as well as the glycine residues next
to the labels, which led to a destabilization of the helix near
the labeled sites. However, the CD spectra confirmed that the
labeled peptide was still mostly a-helical in a membrane-
mimicking environment. Like the parent PGLa, the doubly
labeled peptide underwent a structural transition from
a random coil to an o-helix in micelles or when titrated with
trifluoroethanol (TFE). Most importantly, while showing
reduced activity, the peptide remained antimicrobial
(Table 2).

We validated the use of the proposed label for “F-"°F
distance measurements using the centerband only detection
of exchange (CODEX) experiment ! to study the behavior
of labeled PGLa reconstituted into frozen DMPC/DMPG
(3:1; DMPG = 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Helical wheel representation of PGLa and the positions
where substitution with 9 led to peptide 19. Static solid-state °F NMR
spectrum of 19 in oriented DMPC bilayers (peptide/lipid=1:100,
35°C).
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Figure 3. CD spectroscopic analysis of the doubly labeled peptide
demonstrates the compatibility of label 9 with helical structures. Top
left: CD spectra of PGLa in aqueous environments (10 mm phosphate
buffer, pH 7.4, 25°C: dotted line; 50%TFE: dashed line) and in the
presence of negatively charged lipid micelles (solid line, with
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphatidylglycerol as the lipid.
p/d = peptide/lipid molar ratio. Top right: 19 under the same condi-
tions. Conformational transitions for PGLa (bottom left) and 19
(bottom right) upon titration with TFE. The transition from a random
coil to an a-helix was observed as a change in the CD intensity at
222 nm. The intensity at 0% TFE was taken as 0 and the intensity at
1009 TFE as 100.

Table 2: Antimicrobial activity (MIC, ugmL™") of PGLa and 19.

Bacterial strain PGLa 19
E. coli DSM 1103 64 128
S. aureus DSM 1104 32 128

glycerol)) bilayers (see the Supporting Information for details
of the sample preparation). In this experiment, spin exchange
leads to a decrease in intensity if the spins are close in space,
which was observed in our case (Figure 4). The intramolec-
ular “F-"F distance was estimated to be approximately 8.0 +
1.0 A, which compared well with the previously obtained

Angew. Chem. 2016, 128, 15008 15012
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Figure 4. '°F signal decay obtained in the CODEX experiment for spin
diffusion as a function of time, indicating the proximity of the two '°F
labels. A distance of about 8.0 1.0 A was obtained from the decay as
described in the Supporting Information. The asymptotic value of the
normalized intensity of <'/, indicates the presence of intermolecular

couplings, in addition to the intramolecular coupling between the two
labels. Conditions: 19 in DMPC/DMPG, peptide/lipid =1:40, —15°C.

distance between two '°F labels 7 at the same positions (6.6 +
0.3 A)®! and the expected distance of 7.5-8.0 A assuming an
ideal helix. The slightly longer distance obtained in our
experiment might be due to partial distortion of the a-helix
caused by the label as observed by CD spectroscopy. Never-
theless, this experiment confirmed the practical utility of 9 as
a label to measure interspin distances.

In conclusion, we have designed, synthesized, and vali-
dated the monofluorinated o-amino acid 9 as a label for the
structural analysis of membrane-bound peptides by solid-
state ’F NMR spectroscopy. Amino acid 9 was found to be
very similar to leucine and isoleucine in terms of size and
lipophilicity. It was smoothly incorporated into the mem-
brane-active antimicrobial peptide PGLa at two positions,
and was used for intramolecular distance measurements.
Importantly, amino acid 9 possessed none of the drawbacks of
the previously used monofluorinated labels 6-8. Therefore,
we believe that the new “F label will soon find wide
application in peptide studies.

Acknowledgements

We thank Dr. S. Shishkina for the X-ray studies and R.
Vasiuta for help with the synthesis. This work was partially
supported by GRK 2039 from the German Research Foun-
dation (DFG) and by the Helmholtz Association program
“BIFTM”.

Keywords: amino acids - fluorine - peptides - propellanes -
solid-state NMR spectroscopy

How to cite: Angew. Chem. Int. Ed. 2016, 55, 1478814792
Angew. Chem. 2016, 128, 15008-15012

[1] a)J. T. Gerig, Prog. Nucl. Magn. Reson. Spectrosc. 1994, 26,293
b) M. A. Danielson, J.J. Falke, Annu. Rev. Biophys. Biomol.
Struct. 1996, 25, 163; ¢) A. S. Ulrich, Prog. Nucl. Magn. Reson.

Angew. Chem. 2016, 128, 15008 —15012

Zuschriften

2

—_—

3

[

(4]

(5]

[6

—_

(7]

(8]

[9

[

[10]

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Spectrosc. 2005, 46, 1-21; d)J. L. Kitevski-LeBlanc, R.S.
Prosser, Prog. Nucl. Magn. Reson. Spectrosc. 2012, 62, 1.

a) A. Ulrich, P. Wadhwani, U. H.N. Diirr, S. Afonin, R. W.
Glaser, E. Strandberg, P. Tremouilhac, C. Sachse, M. Berditch-
evskaia, S. L. Grage in NMR spectroscopy of biological solids
(Ed.: A. Ramamoorthy), CRC, Boca Raton, FL, 2006, p. 215;
b) S. L. Grage, S. Afonin, A. S. Ulrich, Methods Mol. Biol. 2010,
618, 183; c¢) V. S. Kubyshkin, I. V. Komarov, S. Afonin, P. K.
Mykhailiuk, S.L. Grage, A.S. Ulrich in Fluorine in Pharma-
ceutical and Medicinal Chemistry: From Biophysical Aspects to
Clinical Applications (Eds.: V. Gouverneur, K. Miiller), Imperial
College Press, London, 2012, p. 91; d) K. Koch, S. Afonin, M.
Ieronimo, M. Berditsch, A. S. Urich, Top. Curr. Chem. 2012, 306,
89.

a) V. P. Kukhar, V. A. Soloshonok, Fluorine Containing Amino
Acids: Synthesis and Properties, Wiley, New York, 1995; b) X.-L.
Qiu, W.-D. Meng, E.-L. Qing, Tetrahedron 2004, 60, 67116745,
c) X.-L. Qiu, E-L. Qing, Eur. J. Org. Chem. 2011, 3261 -3278.
a) D. Maisch, P. Wadhwani, S. Afonin, C. Béttcher, B. Koksch,
A.S. Ulrich, J. Am. Chem. Soc. 2009, 131, 15596; b)D.S.
Radchenko, P. K. Mykhailiuk, A. V. Bezdudny, I. V. Komarov,
Synlett 2009, 1827; c) O. S. Artamonov, P. K. Mykhailiuk, N. M.
Voievoda, D. M. Volochnyuk, I. V. Komarov, Synthesis 2010,
443,

a) P. K. Mikhailiuk, S. Afonin, A. N. Chernega, E. B. Rusanov,
M. O. Platonov, G. G. Dubinina, M. Berditsch, A. S. Ulrich, I. V.
Komarov, Angew. Chem. Int. Ed. 2006, 45, 5659; Angew. Chem.
2000, 718, 5787; b) S. Afonin, P. K. Mikhailiuk, I. V. Komarov,
A. S. Ulrich, J. Pept. Sci. 2007, 13, 614; c) P. K. Mykhailiuk, N. M.
Voievoda, S. Afonin, A.S. Ulrich, 1. V. Komarov, J. Fluorine
Chem. 2010, 131, 217; d) P. Wadhwani, E. Strandberg, N.
Heidenreich, J. Biirck, S. Fanghinel, A.S. Ulrich, J Am.
Chem. Soc. 2012, 134, 6512; e¢) M. Salwiczek, P. Mikhailiuk, S.
Afonin, I. V. Komarov, A.S. Ulrich, B. Koksch, Amino Acids
2010, 39, 1589; f) S. Fanghénel, P. Wadhwani, E. Strandberg,
W. P. Verdurmen, J. Biirck, S. Ehni, P. K. Mykhailiuk, S. Afonin,
D. Gerthsen, 1. V. Komarov, R. Brock, A. S. Ulrich, PLoS ONE
2014, 9, €99653; g) P. Wadhwani, J. Reichert, E. Strandberg, J.
Burck, J. Misiewicz, S. Afonin, N. Heidenreich, S. Fanghanel,
P. K. Mykhailiuk, 1. V. Komarov, A.S. Ulrich, Phys. Chem.
Chem. Phys. 2013, 15, 8962.

For non-validated CF, labels for leucine/isoleucine, see: a) P. K.
Mykhailiuk, V. Starova, V. Iurchenko, S.V. Shishkina, O. V.
Shishkin, O. Khilchevskyi, O. Zaporozhets, Tetrahedron 2013, 69,
4066; b) P. K. Mykhailiuk, D. S. Radchenko, I. V. Komarov, J.
Fluorine Chem. 2010, 131, 221.

For CF; containing labels for proline, see: a) P. K. Mykhailiuk, S.
Afonin, G. V. Palamarchuk, O. V. Shishkin, A.S. Ulrich, I. V.
Komarov, Angew. Chem. Int. Ed. 2008, 47, 5765; Angew. Chem.
2008, 720, 5849; b) V.S. Kubyshkin, S. Afonin, S. Kara, N.
Budisa, P. K. Mykhailiuk, A. S. Ulrich, Org. Biomol. Chem. 2015,
13, 3171.

For CF, and CH,F labels for proline, see: a) V. S. Kubyshkin,
P. K. Mykhailiuk, S. Afonin, A.S. Ulrich, I. V. Komarov, Org.
Lett. 2012, 14, 5254; b) V. S. Kubyshkin, P. M. Mykhailiuk, S.
Afonin, S.L. Grage, I. V. Komarov, A.S. Ulrich, J. Fluorine
Chem. 2013, 152, 136; c) P. K. Mykhailiuk, S. V. Shishkina, O. V.
Shishkin, O. A. Zaporozhets, 1. V. Komarov, Tetrahedron 2011,
67, 3091.

a) A. N. Tkachenko, P. K. Mykhailiuk, S. Afonin, D.S. Rad-
chenko, V.S. Kubyshkin, A.S. Ulrich, I. V. Komarov, Angew.
Chem. Int. Ed. 2013, 52, 1486; Angew. Chem. 2013, 125, 1526;
b) A.N. Tkachenko, D.S. Radchenko, P.K. Mykhailiuk, S.
Afonin, A.S. Ulrich, I. V. Komarov, Angew. Chem. Int. Ed.
2013, 52, 6504; Angew. Chem. 2013, 125, 6632.

O. Toke, R. D. O’Connor, T. K. Weldeghiorghis, W. L. Maloy,
R. W. Glaser, A. S. Ulrich, J. Schaefer, Biophys. J. 2004, 87, 675.

www.angewandte.de

An dte

Chemie

15011


http://dx.doi.org/10.1016/0079-6565(94)80009-X
http://dx.doi.org/10.1146/annurev.bb.25.060196.001115
http://dx.doi.org/10.1146/annurev.bb.25.060196.001115
http://dx.doi.org/10.1016/j.pnmrs.2004.11.001
http://dx.doi.org/10.1016/j.pnmrs.2004.11.001
http://dx.doi.org/10.1016/j.pnmrs.2011.06.003
http://dx.doi.org/10.1007/978-1-60761-594-1_13
http://dx.doi.org/10.1007/978-1-60761-594-1_13
http://dx.doi.org/10.1016/j.tet.2004.05.051
http://dx.doi.org/10.1002/ejoc.201100032
http://dx.doi.org/10.1021/ja9067595
http://dx.doi.org/10.1002/anie.200600346
http://dx.doi.org/10.1002/ange.200600346
http://dx.doi.org/10.1002/ange.200600346
http://dx.doi.org/10.1002/psc.854
http://dx.doi.org/10.1016/j.jfluchem.2009.10.004
http://dx.doi.org/10.1016/j.jfluchem.2009.10.004
http://dx.doi.org/10.1021/ja301328f
http://dx.doi.org/10.1021/ja301328f
http://dx.doi.org/10.1007/s00726-010-0581-8
http://dx.doi.org/10.1007/s00726-010-0581-8
http://dx.doi.org/10.1371/journal.pone.0099653
http://dx.doi.org/10.1371/journal.pone.0099653
http://dx.doi.org/10.1039/c3cp50896j
http://dx.doi.org/10.1039/c3cp50896j
http://dx.doi.org/10.1016/j.tet.2013.03.072
http://dx.doi.org/10.1016/j.tet.2013.03.072
http://dx.doi.org/10.1016/j.jfluchem.2009.07.017
http://dx.doi.org/10.1016/j.jfluchem.2009.07.017
http://dx.doi.org/10.1002/anie.200801022
http://dx.doi.org/10.1002/ange.200801022
http://dx.doi.org/10.1002/ange.200801022
http://dx.doi.org/10.1039/C5OB00034C
http://dx.doi.org/10.1039/C5OB00034C
http://dx.doi.org/10.1021/ol302412a
http://dx.doi.org/10.1021/ol302412a
http://dx.doi.org/10.1016/j.jfluchem.2013.03.002
http://dx.doi.org/10.1016/j.jfluchem.2013.03.002
http://dx.doi.org/10.1016/j.tet.2011.02.082
http://dx.doi.org/10.1016/j.tet.2011.02.082
http://dx.doi.org/10.1002/anie.201208069
http://dx.doi.org/10.1002/anie.201208069
http://dx.doi.org/10.1002/ange.201208069
http://dx.doi.org/10.1002/anie.201301344
http://dx.doi.org/10.1002/anie.201301344
http://dx.doi.org/10.1002/ange.201301344
http://dx.doi.org/10.1529/biophysj.103.032714
http://www.angewandte.de

15012

[11] a)J. Salgado, S.L. Grage, L. H. Kondejewski, R.S. Hodges,
R. N. McElhaney, A.S. Ulrich, J. Biomol. NMR 2001, 21, 191,
b) S. Afonin, R. W. Glaser, M. Berditchevskaia, P. Wadhwani,
K.-H. Giihrs, U. Mdéllmann, A. Perner, A. S. Ulrich, ChemBio-
Chem 2003, 4, 1151; c) S. Afonin, U. H. N. Diirr, R. W. Glaser,
A.S. Ulrich, Magn. Reson. Chem. 2004, 42, 195; d) S. L. Grage,
X. Xu, M. Schmitt, P. Wadhwani, A. S. Ulrich, J. Phys. Chem.
Lett. 2014, 5, 4256.

[12] D. Bandak, O. Babii, R. Vasiuta, I. V. Komarov, P. K. Mykhai-
liuk, Org. Lett. 2015, 17, 226.

[13] A.N. Tkachenko, P. K. Mykhailiuk, D. S. Radchenko, O. Babii,
S. Afonin, A. S. Ulrich, I. V. Komarov, Eur. J. Org. Chem. 2014,
3584.

[14] The physical properties of the amino acids (see the Supporting
Information) were calculated by QikProp (http://www.
schrodinger.com).

[15] M. D. Levin, P. Kaszynski, J. Michl, Org. Synth. 2000, 77, 249.

[16] a) K. B. Wiberg, F. H. Walker, J. Am. Chem. Soc. 1982, 104, 523,
b) J. Belzner, U. Bunz, A. D. Schliiter, G. Szeimies, K. Opitz, A.-
D. Schliiter, Chem. Ber. 1989, 122, 397.

[17] K. R. Mondanaro, W. P. Dailey, Org. Synth. 1998, 75, 98.

[18] We also attempted the reaction of various esters (HO,C—CsH—
CO,Me, HO,C—C;H,—CO,Et, HO,C—C;H,—CO,iPr) with XeF,;
every time, complex mixtures were formed.

[19] F. Yin, Z. Wang, C. Li, J. Am. Chem. Soc. 2012, 134, 10401.

Zuschriften

An dte

Chemie

[20] The gaseous difluorinated side product CsHF, was also formed.
It was easily removed from 13 when evaporating the solvents
during the work up. Smaller amounts of Selectfluor resulted in
incomplete conversion whereas a larger excess led to extensive
formation of the difluorinated side product.

[21] While we were writing this manuscript, a related manuscript on
the synthesis of acid 13 appeared; see: Y. L. Goha, V. A. Adsool,
Org. Biomol. Chem. 2015, 13, 11597.

[22] a) T. Inaba, I. Kozono, M. Fujita, K. Ogura, Bull. Chem. Soc.
Jpn. 1992, 65, 2359; b) T. K. Chakraborty, K. A. Hussain, G. V.
Reddy, Tetrahedron 1995, 51, 9179.

[23] CCDC 1457136 (16a) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

[24] K. Richter, H. Aschauer, G. Kreil, Peptides 1985, 6, 17.

[25] a) M. Zasloff, Proc. Natl. Acad. Sci. USA 1987, 84, 5449; b) E.
Strandberg, P. Wadhwani, P. Tremouilhac, U. H. N. Diirr, A.S.
Ulrich, Biophys. J. 2006, 90, 1676; c) D. S. Radchenko, S. Kattge,
S. Kara, A.S. Ulrich, S. Afonin, Biochim. Biophys. Acta
Biomembr. 2016, 1858, 2019.

[26] K. Schmidt-Rohr, E. R. deAzevedo, T. J. Bonagamba, eMagRes
2007, DOI: 10.1002/9780470034590.emrstm0063.

Received: August 22, 2016
Published online: October 5, 2016

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 15008 15012


http://dx.doi.org/10.1023/A:1012946026231
http://dx.doi.org/10.1002/cbic.200300568
http://dx.doi.org/10.1002/cbic.200300568
http://dx.doi.org/10.1002/mrc.1340
http://dx.doi.org/10.1021/jz502195t
http://dx.doi.org/10.1021/jz502195t
http://dx.doi.org/10.1021/ol503300m
http://dx.doi.org/10.1002/ejoc.201301737
http://dx.doi.org/10.1002/ejoc.201301737
http://www.schrodinger.com
http://www.schrodinger.com
http://dx.doi.org/10.1002/cber.19891220233
http://dx.doi.org/10.1021/ja3048255
http://dx.doi.org/10.1039/C5OB02066B
http://dx.doi.org/10.1246/bcsj.65.2359
http://dx.doi.org/10.1246/bcsj.65.2359
http://dx.doi.org/10.1016/0040-4020(95)00523-B
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201608116
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1016/0196-9781(85)90345-6
http://dx.doi.org/10.1073/pnas.84.15.5449
http://dx.doi.org/10.1529/biophysj.105.073858
http://dx.doi.org/10.1016/j.bbamem.2016.06.002
http://dx.doi.org/10.1016/j.bbamem.2016.06.002
http://dx.doi.org/10.1002/9780470034590.emrstm0063
http://www.angewandte.de

