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Abstract: A small library of peptide analogues of the chemotactic tripeptide For-Met-Leu-Phe-NHs modified
by substitution of Leu at position 2 by three different fluorinated amino acids varying in content of fluorine,
length of the fluorinated side chain, and alkylation degree at the «-carbon atom was synthesized. The
influence of the fluorine substitution on the biological activity was investigated by measuring the oxidative
activity of neutrophils using a luminol-dependent chemiluminescence assay. Copyright © 2003 European

Peptide Society and John Wiley & Sons, Ltd.

Keywords: C*-difluoroethylglycine; C*-difluoromethylalanine; C*-trifluoromethylalanine;
chemiluminescence; chemotactic peptides fluoro-modified peptides

INTRODUCTION

Neutrophils are involved in the first line of defence
against bacterial infections [1,2]. They are activated
by the binding of chemoattractants to their sur-
face receptors. As a consequence, the neutrophils
move toward the bacteria from which the chemoat-
tractants originate. This directed movement of cells
along a chemical gradient is called chemotaxis [3].
The hydrophobic N-formyl-tripeptide For-Met-
Leu-Phe-OH (fMLF) is one of the early recog-
nized chemoattractants [4,5], which is produced
by Escherichia coli amongst others. It was cho-
sen as the model peptide for measuring chemo-
taxis and lysosomal enzyme release. Binding of
fMLF to G protein-coupled N-formylpeptide recep-
tor (FPR) triggers chemotaxis and a subsequent
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cascade of biochemical events: lysosomal enzyme
secretion, i.e. the production of g-glucosaminidase,
B-glucuronidase and bacteriocytic proteins, as well
as the activation of NADPH oxidase with produc-
tion of toxic oxygen metabolites, such as superoxide
anion radical, hydrogen peroxide and hypochlorous
acid, which is considered to be one of the primary
physiological responses to bacterial invasion and
tissue injury [6-8].

The cellular mechanism by which neutrophils
rapidly move to sites of infection signalled by
chemoattractants still remains enigmatic, but there
is some evidence that the chemoattractant pep-
tide fMLF interacts with a neutrophil recep-
tor [9] with a specificity for hydrophobic N-
formylated peptides thanks to a hydrophobic pocket
in the receptor where the Leu side chain fits
[1,10]. Structure-activity studies and conforma-
tional analysis [11] revealed that this pocket is
large relative to the size of the Leu isobutyl
group, since N-formylmethionyl-1-aminocyclohexyl-
1-carbonyl-phenylalanine methylester (For-Met-
Acgc-Phe-OMe) and N-formylmethionyl-C*¢-di-n-
butylglycyl-phenylalanine methylester (For-Met-
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Dbg-Phe-OMe) are at least as active as the parent
sequence [10,12,13]. Furthermore, chemical modi-
fications provided evidence that the Met side chain
fits into a hydrophobic pocket of limited depth [14].
Likewise, the fit of the third pocket to the aromatic
ring side chain of the C-terminal Phe residue seems
to be very tight [15,16]. Modification of the par-
ent sequence fMLF has given clear evidence for
the requirement of hydrophobic residues in all of
the three positions [1,14,15]. Position 2 is the most
versatile for constructing libraries of chemotactic N-
formyltripeptides of the type For-Met-Xaa-Phe-OMe
with high structural variability.

Recently, it was disclosed that hydrophobic inter-
actions are far more essential in ligand-receptor
interactions than assumed, while the influence of
hydrogen bonding was overestimated [17,18]. The
mechanism of these hydrophobic interactions, how-
ever, was never elucidated in detail [19]. Side-
chain phenyl groups play an essential role in lig-
and-receptor interactions. When the aromatic sys-
tem interacts with the side chains of Val, Leu, Ile and
Ala, the aromatic 7-system functions as a hydrogen
bond acceptor. These interactions are denoted as
CH/n. This concept has recently been established
by Nishio et al. [20]. In the series CF3, CHF,, CHyF,
CHs only CHF,; and CHyF can act as a hydrogen
bond donor as well as a hydrogen bond acceptor
[21,22], with the CHF, group being the most potent
hydrogen bond donor in this series [23-25]. Further-
more, fluoroalkyl groups may act as a coordinative
site in metal complexes.

In this context, incorporation of fluoro-modified
amino acids into peptides is of current inter-
est, since it represents an efficient strategy to
delay proteolytic degradation, to stabilize secondary
structure elements and to improve lipophilicity.
Fluoro-modification seems to be complementary to
other existing stabilization methods [26]. There-
fore, fluoro-modification might serve as a ‘final
push’ towards higher stability after rational design
and might also improve ligand-receptor interactions
[27]. Herein, a method is described for the incor-
poration of fluoro-modified amino acids, such as
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(S)-Leu (S)-DfeGly

(S)- and (R)-C®-difluoroethyl glycine (DfeGly) [28],
(S)- and (R)-C*-trifluoromethyl alanine, (¢Tfm)Ala
[29,30], and (S)- and (R)-C*-difluoromethyl alanine,
(«Dfm)Ala [31] into position 2 of For-Met-Leu-Phe-
NH, (Scheme 1). Fluoro-modified For-Met-Leu-Phe-
NH, analogues are expected to be promising can-
didates for the study of the effect of fluorine on
ligand-receptor interactions [32]. The tripeptide
analogue containing Aib («¢-aminoisobutyric acid)
was included in this study in order to distinguish
between electronic effects of the fluorinated group
and the steric demand of an alkyl substituent.

MATERIALS AND METHODS

General

Starting materials (when not stated otherwise) were
purchased from commercial suppliers and were
used without purification. Solvents were dried and
distilled prior to use. The fluorinated amino acids
DfeGly [28], (¢Tfm)Ala [29,30], and (¢Dfm)Ala [31]
were synthesized by applying literature protocols.

NMR spectra were recorded on a 600 MHz Bruker
NMR spectrometer (‘H 600 MHz, '°F 565 MHz, '3C
151 MHz), 400 MHz Bruker NMR spectrometer (H
400 MHz, '°F 376 MHz, '3C 101 MHz) or a 300 MHz
Varian Gemini NMR spectrometer (*H 300 MHz, '°F
282 MHz). The Bruker NMR spectrometers were
equipped with inverse 5 mm TBI and 5 mm QNP
probe head. 'H and !3C chemical shifts were
referenced to tetramethylsilane (TMS, § = O ppm),
while the 'F chemical shifts were referenced to
trichlorofluoromethane (§ = O ppm) as the internal
standard. For complete assignment, additional
COSY, HMQC, HMBC spectra were recorded.

ESI-MS spectra were recorded on a 7 Tesla
FT-ICR-MS APEX II Bruker-Daltronics instrument
using methanol solution, ESI ionization and positive
ion detection.

For HPLC a LaChrom (Merck Hitachi) analytical
HPLC instrument was used, equipped with an
interface D-7000, a diode array detector L-7450,

HaC CHF, HsC_ CF;

CO,H H,N~ “COH

(S)-DfmAla  (S)-TimAla

Scheme 1 Chemical structures of fluorinated amino acids used in comparison to Leu.
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and a pump A-B L-7100. Eluant system parameters
were (gradient method A): flow 1.000 ml/min, eluant
A: 95% H,0, 5% MeCN, 0.1% TFA; eluant B:
95% MeCN, 5% Hy0, 0.1% TFA; gradient: 0.0 min
(100% A, 0.0% B), 30.0min (0% A, 100% B),
40.0 min (100% A, 0% B); column: Vydac C4, 10 um,
4.6 x 250 (Separation Products).

For flash chromatography, silica gel (32-63 pum)
was used with solvent systems given in the text.

On TLC the compounds were visualized by
spraying the plate with a mixture of ceric(IV)
sulphate (0.2%), ammonium molybdate (5%) and
HyS0,4 (5%) in water, followed by heating.

Luminol was a product from Boehringer-
Mannheim (Heidelberg, Germany). Chemicals for
neutrophil isolation and purification, i.e. Hanks’
balanced salt solution without phenol red, Ficoll-
Hypaque, dextran, heparin and the stimulator
For-Met-Leu-Phe-OH were purchased from Sigma
(Deisenhofen, Germany).

Tripeptides were dissolved in dimethylsulphoxide
at 1072 mol/1. These stock solutions were divided
into aliquots and stored at —20°C. Working solu-
tions of tripeptides were prepared by dilution with
Hanks’ medium immediately before use.

Peptide Synthesis

Peptide coupling with DIC/HOAt (method A). To
the stirred solution of 1 eq of PG-Xaa-OH (PG:
protecting group) in DMF (N,N-dimethylformamide),
1.2 eq HOAt (1-hydroxy-7-aza-1,2,3-benzotriazole)
and 1.2 eq of DIC (N,N’-diisopropylcarbodiimide)
were added at room temperature. After 5 min 1.2 eq
of H-Yaa-PG and 1 eq of DIEA (diisopropyl ethyl
amine) were added. The progress of the reaction was
monitored by HPLC or °F-NMR spectrometry. The
organic phase was evaporated in vacuo. The residue
was partitioned between a 10% citric acid solution
and ethyl acetate. The phases were separated and
the organic phase was washed with 10% citric acid
(2x), sat. NaCl solution (3x), 10% NaHCO3; solution
(3x) and sat. NaCl solution. (3x). The organic layer
was dried with MgSO,, filtered and concentrated
under reduced pressure. The peptides were purified
by flash chromatography using the solvent mixtures
given in the text.

Peptide coupling via mixed anhydrides (method
B). To a stirred solution of 2.2 eq of PG-Xaa-OH in
DMF, at —30°C 2 eq of NMM (N-methyl morpholine)
was added. After stirring for 15 min at —15°C,
2 eq of CAIBE (isobutyl chloroformate), and after
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10 min 1 eq of H-Yaa-PG, were added. The reaction
temperature was kept below 0°C for 1 h, and then
the mixture was warmed up to room temperature.
The progress of the reaction was monitored by HPLC
or F-NMR spectrometry. For work-up procedure
and purification, see method A.

N~ -Formylation of H-Met-Xaa-Phe-NH, (method
C). To 1 eq of HCOy~. THy-Xaa-PG dissolved in
DMF, 1.2 eq of CMF (cyanomethyl formate) [33] and
1 eq of triethylamine were added and stirred for 2 h.
After completion of the reaction (monitored by HPLC)
the solvent was evaporated in vacuo. The formyl
peptides were purified by flash chromatography
using the solvent mixtures given in the text. In the
case of 6a and 6b, where chromatography was not
possible because of the formation of almost insoluble
aggregates, the solid was dispersed in water and
filtrated on a 45 pm filter. The salt-free, formylated
peptides were washed down from the filter with
methanol. After evaporating the solvent, the solid
materials were lyophilized.

Deprotection of the Z-group. To a solution of Z-
Xaa-Phe-NH, in methanol, Pd/C (10%) was added.
The mixture was stirred under an atmosphere of
hydrogen until the reaction was complete (°F-
NMR or TLC analysis). After filtration, methanol
was evaporated under reduced pressure. The crude
peptide was used for the subsequent coupling
reaction without further purification.

Deprotection of the Boc-group. Boc-Met-Xaa-Phe-
NH, was stirred in the presence of an excess of
concentrated formic acid. After 30 min the formic
acid was evaporated under reduced pressure and
the residue was subjected to N*-formylation without
further purification.

Synthesis of  For-Met-DfeGly-Phe-NH2 3)
(Scheme 2). Chemotactic peptides of the type For-
Met-Xaa-Phe-NHy; were synthesized by applying
published solution phase procedures. (S)- and (R)-
DfeGly were synthesized from (S)- and (R)-Asp using
1,1,1,3,3,3-hexafluoroacetone as the protecting and
activating agent [28] and were used as Z-derivatives
in peptide synthesis. As carboxylic group protected
Phe derivative, the corresponding amide was used,
because of the high tendency of peptide amides to
crystallize. Extensive studies of a large number of
analogues revealed that esterification and amida-
tion of the C-terminal carboxylic group does not
result in a loss of biological activity [14,15]. The
deprotected dipeptide amide (1) was coupled with
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Boc-Met-OH on treatment with DIC/HOAL to give the
Boc-protected tripeptide amide (2). The N-terminal
amino group of 2 was deprotected with concen-
trated formic acid and subsequently N*-formylated
on treatment with CMF/TEA (triethylamine) [33]
to give the fluoro-modified chemotactic tripeptide
amide (3).

H-(S)-DfeGly-Phe-NH> (1q). The dipeptide 1a was
synthesized from Z-(S)-DfeGly-OH [22] (273 mg,
1.0 mmol) and H-Phe-NH,; (197 mg, 1.2 mmol)
applying method A. The Z-protected dipeptide
was purified by flash chromatography (eluant:
CHCIl3/MeOH, 10:1). Z-deprotection was achieved
using the above mentioned general route. Yield of
1la: 122 mg (43%).

'H-NMR (dg-DMSO, 400 MHz) § ppm: 1.67-1.85,
1.86-2.03 (m, 2H, DfeGly C#H,), 1.94 (s, 2H, DfeGly
NHy), 2.82 (dd, 1H, 2J = 13.6 Hz, 3J = 9.2 Hz, Phe
CfH,), 3.04 (dd, 1H, 2J =13.6 Hz, 3J = 4.8 Hz,
Phe CPH,), 3.27 (dd, 1H, 3J = 9.2 Hz, 3J = 4.8 Hz,
DfeGly C*H), 4.47 (m, 1H, Phe C®H), 5.99 (tdd,
1H, 2J =57.0 Hz, 3J = 5.7 Hz, 3J = 4.0 Hz, CFyH),
7.11 (s, 1H, Phe NH,), 7.14-7.29 (m, 5H, Ar-Phe),
7.48 (s, 1H, Phe NH,), 8.11 (d, 1H, 3J = 8.2 Hz,
Phe NH). !*C-NMR (d¢-DMSO, 101 MHz) § ppm:
37.72 (Phe C*), 38.6 (overl. m, DfeGly C*), 50.13
(t, 3J = 5.7 Hz, DfeGly C*), 53.10 (Phe C%), 116.88
(t, 'J =236.8 Hz, CF,H) 126.12-137.65 (Ar-Phe),
172.66 (C=0, DfeGly), 173.27 (C=O, Phe). '°F-
NMR (d¢-DMSO, 376 MHz) § ppm: —114.4 (ddd,
1F, 2J = 280.8 Hz, 2J = 57.0 Hz, 3J = 22.2 Hz, 3J =
14.4 Hz, CF,H), —115.3 (ddd, 1F, 2J = 280.8 Hz,
2J =56.8 Hz, 3J = 17.2 Hz, 3J = 14.2 Hz, CF,H).

Analytical HPLC: R; = 4.71 min. Calculated MW =
285.29 for 013H17F2N302v. ESI-MS: m/z [M-‘r
H]™ 286.13606 (286.13616), [M + Na]* 308.11757
(308.11810), [2M+H]* 571.26562 (571.26504),
[2M + Na]* 593.24846 (593.24699).

Met DfeGly Phe
Z—1— OH H —— NH,
7 DIC, HOAt NH,
H,, Pd/C
Boc —1—— OH H NH, 1
DIC, HOAt
Boc NH, 2
H H
H coo NH,
CMF / TEA
For NH, 3

Scheme 2 Synthesis of peptides 1-3.
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H-(R)-DfeGly-Phe-NH, (1b). For synthesis of 1b
see la. Yield of 1b: 134 mg (47%). 'H-NMR (de-
DMSO, 600 MHz) § ppm: 1.71-1.85, 1.88-1.99
(m, 2H, DfeGly CfH,), 2.78 (dd, 1H, 2J = 13.7 Hz,
3J = 9.5 Hz, Phe CfH,), 3.06 (dd, 1H, 2J = 13.7 Hz,
3J = 4.6 Hz, Phe C’H,), 3.41 (m, 1H, DfeGly C*H),
3.79-4.30 (br s, 2H, DfeGly NHy), 4.50 (m, 1H, Phe
C*H), 5.87 (tdd, 1H, 2J = 56.6 Hz, 3J = 5.7 Hz, 3J =
4.0 Hz, CFyH), 7.14 (s, 1H, Phe NH,), 7.16-7.28 (m,
5H, Ar-Phe), 7.48 (s, 1H, Phe NH,), 8.32 (d, 1H, 3J =
7.9 Hz, Phe NH). 3C-NMR (dg-DMSO, 151 MHz) $§
ppm: 37.72 (overl., Phe C#, DfeGly C#), 49.32 (DfeGly
C%), 53.41 (Phe C%), 116.32 (t, 'J = 233.7 Hz, CF,H),
126.26-137.72 (Ar-Phe), 171.72 (C=O0O, DfeGly),
172.59 (C=0, Phe). '°F-NMR (dg-DMSO, 376 MHz) §
ppm: —114.3 (ddd, 1F, 'J = 282.0 Hz, 2J = 56.6 Hz,
3J =20.3Hz, 3J=14.9Hz, CF.H), —115.1 (ddd,
br.1F, br. 'J = 282.0 Hz, 2J = 57 Hz, CF,H).

Analytical HPLC: R; = 7.31 min. Calculated MW =
285.29 for C13H17F2N302_ ESI-MS: m/z [M+
H]* 286.13607 (286.13616), [2M + H]" 571.26581
(571.26504).

Boc-Met-(S)-DfeGly-Phe-NH, (2a). Tripeptide 2a
was synthesized from Boc-Met-OH (249 mg,
1.0 mmol) and H-(S)-DfeGly-Phe-NH, (1a) (342 mg,
1.2 mmol) by applying method A. Purification
by column chromatography (eluant: CHCl;/MeOH,
15:1). Yield of 2a: 305 mg (59%).

'H-NMR (dg-DMSO, 400 MHz) § ppm: 1.37 (s,
9H, C(CHs)s), 1.67-1.88 (m, 2H, Met CfH), 2.02
(s, 3H, Met CHj), 2.03-2.24 (m, 2H, DfeGly C#Hs,),
2.35-2.47 (m, 2H, Met C"H,), 2.81 (dd, 1H, 2J =
13.8 Hz, 3J =9.1 Hz, Phe CfH,), 3.00 (dd, 1H,
2J = 13.8 Hz, 3J = 4.8 Hz, Phe C*H,), 3.90-4.00 (m,
1H, DfeGly C*H), 4.35-4.47 (m, 2H, Met C*H, Phe
C*H), 5.94 (tdd, 1H, 2J = 56.5 Hz, 3J = 5.9 Hz,3J =
3.8 Hz, CF;H), 7.08 (overl., 2H, Met NH, Phe NHy),
7.14-7.28 (m, 5H, Ar-Phe), 7.43 (s, 1H, Phe NH,),
8.10 (d, 1H, 3J = 7.7 Hz, Phe NH), 8.17 (d, 1H, 3J =
7.7 Hz, DfeGly NH). 3C-NMR (d¢-DMSO, 101 MHz)
§ ppm: 14.52 (Met CH3), 28.04 (C(CHs)s), 29.59 (Met
C7), 31.03 (Met C#), 36.32 (DfeGly C#), 37.33 (Phe
C#), 47.55 (DfeGly C%), 53.24 (Met C%), 53.81 (Phe
C%), 115.90 (t, 'J = 236.9 Hz, CF;H), 126.16-137.63
(Ar-Phe). 'F-NMR (dg-DMSO, 376 MHz) § ppm:
—114.4 (ddd, 1F, 'J =282.3 Hz, 2J = 56.5 Hz, 3J =
21.9 Hz, 3J = 14.2 Hz, CF,H), —115.3 (br ddd, 1F,
1J = 282.3 Hz, 2J = 56 Hz, CF.H).

Analytical HPLC: R; = 16.93 min. TLC (CHCls/
MeOH, 15:1): R;=0.11. Calculated MW =
516.61 for C23H34F2N405S. ESI-MS: m/z [M+
H]" 517.22901 (517.22907), [M + Na]* 539.21076
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(639.21102), [M+K]" 555.18588 (555.18496),
[2M + Na]* 1055.43128 (1055.43282), [2M + K]*
1071.41125 (1071.40676), [3M + Na]* 1571.64627
(1571.65462).

Boc-Met-(R)-DfeGly-Phe-NH; (2b). Tripeptide 2b
was synthesized from Boc-Met-OH (249 mg,
1.0 mmol) and H-(R)-DfeGly-Phe-NH, (342 mg,
1.2 mmol) using method A. Purification by column
chromatography (eluant: CHCIl3;/MeOH, 15: 1). Yield
of 2b: 237 mg (46%).

'H-NMR (d¢-DMSO, 600 MHz) § ppm: 1.37 (s, 9H,
C(CHj)s), 1.70-1.87 (m, 2H, Met C’H,), 1.87-2.04
(m, 2H, DfeGly CPH,), 2.02 (s, 3H, Met CHa),
2.39-2.48 (m, 2H, Met C"H,), 2.74 (dd, 1H, 2J =
13.4 Hz, 3J = 10.5 Hz, Phe CfH,), 3.08 (1H, dd,
2J =13.4 Hz, 3J = 14.2 Hz, Phe CfH,), 3.96 (1H,
m, Met C*H), 4.39 (1H, m, DfeGly C*H), 4.45 (m,
1H, Phe C*H), 5.69 (br. tdd, 1H, 2J = 56 Hz, CF,H),
7.07 (d, 1H, 3J =7.2 Hz, Met NH), 7.15 (s, 1H,
Phe NHj), 7.16-7.26 (m, 5H, Ar-Phe), 7.40 (s, 1H,
Phe NH,), 8.11 (d, 1H, 3J = 8.1 Hz, DfeGly NH),
8.16 (d, 1H, 3J = 8.8 Hz, Phe NH). 3C-NMR (ds-
DMSO, 151 MHz) § ppm: 14.10 (Met CHj3), 27.70
(C(CH3)3), 29.18 (Met C”), 30.70 (Met C?), 35.42
(t, 2J = 20.4 Hz, DfeGly C#), 37.13 (Phe C%), 47.17
(DfeGly C*), 53.41 (overl. br. s, Met C*, Phe C%),
77.93 (C(CHg3)s), 115.53 (t, 'J =233.4 Hz, CF,H),
125.80-137.46 (Ar-Phe), 155.08 (C=0, Boc), 169.04
(C=0, DfeGly), 171.33 (C=0, Met), 172.16 (C=0,
Phe). °F-NMR(ds-DMSO, 376 MHz) § ppm: —113.9
(ddd, 1F, 2J = 282.4 Hz, 2J = 56.5 Hz, 3J = 21.0 Hz,
3J =14.8 Hz, CF;H), —115.0 (br ddd, 1F, 2J =
282.4 Hz, 2J = 56 Hz, CFyH).

Analytical HPLC: R = 17.05 min. TLC (CHCl3/
MeOH, 15:1): Rr =0.17. Calculated MW = 516.61
for C23H34F2N405S. ESI-MS: m/z [M + Na]*
539.21109 (539.21102), [2M + Na]* 1055.43142
(1055.43282), [2M + K]* 1071.40762 (1071.40676),
[BM + Na]* 1571.65698 (1571.65462), [4M + Na]*
2087.87048 (2087.87641).

For-Met-(S)-DfeGly-Phe-NH, (3a). Tripeptide 2a
(516 mg, 1.0 mmol) was deprotected with concen-
trated formic acid as described above and then
N¢-formylated by method C to give 3a. Yield of 3a:
204 mg (46%).

'H-NMR (ds-DMSO, 600 MHz) § ppm: 1.72-1.80,
1.83-1.91 (m, 2H, Met CPH,), 2.02 (s, 3H, Met
CH3), 2.03-2.24 (s, 2H, DfeGly CfH,), 2.36-2.47
(m, 2H, Met C"H,), 2.82 (dd, 1H, 2J = 13.9 Hz,
3J = 9.2 Hz, Phe C#H,), 3.01 (dd, 1H, 2J = 13.9 Hz,
3J = 4.7 Hz, Phe CfH,), 4.33-4.45 (overl. m, 3H,
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Phe C*H, DfeGly C*H, Met C*H), 5.96 (tdd, 1H,
2J =56.2 Hz, 3J = 5.7 Hz, 3J = 3.8 Hz, CFyH), 7.10
(s, 1H, Phe NH,), 7.16-7.28 (m. 5H, Ar-Phe), 7.40
(s, 1H, Phe NH,), 8.01 (d, 1H, 3J = 8.2 Hz, Phe NH),
8.03 (s, 1H, H-For), 8.33 (d, 1H, 3J = 8.2 Hz, DfeGly
NH), 8.35 (d, 1H, 3J = 8.2 Hz, Met NH). 3C-NMR
(de-DMSO, 151 MHz) § ppm: 14.16 (Met C?), 28.92
(Met C?), 31.15 (Met Cf), 35.41 (t, 2J =22.2 Hz,
DfeGly C?), 36.96 (Phe C?), 47.40 (DfeGly C%), 50.17
(Met C?), 53.45 (Phe C%), 115.72 (t, 'J = 238.6 Hz,
CF2H), 125.81-137.28 (Ar-Phe), 160.80 (C=0, For),
169.16 (C=0, DfeGly), 170.34 (C=0, Met), 172.06
(C=O0, Phe). '9F-NMR (de¢-DMSO, 376 MHz) § ppm:
—114.4 (ddd, 1F, 2J =282.4 Hz, 2J = 56.6 Hz, 3J =
22.2 Hz, 3J = 14.4 Hz, CF,H), —115.4 (ddd, 1F, 2J =
282.4 Hz, 2J = 55.8 Hz, 3J = 16.4 Hz, 3J = 13.3 Hz,
CFyH).

Analytical HPLC: R = 11.75 min. TLC (CHCl3/
MeOH/acetone, 5:1:1): Rf = 0.37. Calculated MW =
444 50 for C19H26F2N4O4S. ESI-MS: m/z [M +
Na]* 467.15414 (467.15350), [2M + Na]* 911.32037
(911.31724).

For-Met-(R)-DfeGly-Phe-NH> (3b). Tripeptide 2b
(516 mg, 1.0 mmol) was deprotected with concen-
trated formic acid as described above and then
N¢-formylated by applying method C to give 3b.
Yield of 3b: 222 mg (50%).

'H-NMR (d¢-DMSO, 600 MHz) § ppm: 1.72-2.06
(overl. m, 4H, DfeGly C’H,, Met C’H,), 2.02 (s,
3H, Met CH3), 2.56-2.40 (m, 2H, Met C"Hy), 2.76
(dd, 1H, 2J = 13.8 Hz, 3J = 10.6 Hz, Phe CfCH.,),
3.07 (dd, 1H, 2J = 13.8 Hz, 3J = 4.2 Hz, Phe C’H,),
4.33-4.48 (m, 3H, overl.-Phe C*H, DfeGly C°H,
Met C*H), 5.73 (br tdd, 1H, 2J = 56 Hz, 3J = 5 Hz,
CF,H), 7.14 (s, 1H, Phe NH,), 7.15-7.27 (m, 5H,
Ar-Phe), 7.40 (s, 1H, Phe NH,), 8.03 (s, 1H, H-
For), 8.21 (d, 1H, 3J = 8.7 Hz, Phe NH), 8.40 (overl.
d, 2H, DfeGly NH, Met NH). 3C-NMR (dg-DMSO,
151 MHz) § ppm: 14.10 (Met CH3s), 28.88 (Met C?)
31.03 (Met C#), 35.25 (t, 2J = 20.4 Hz, DfeGly C¥),
37.06 (Phe CP), 47.20 (br. s, DfeGly C¢%), 50.42
(Met C?), 53.50 (Phe C%), 115.61 (t, 'J = 236.7 Hz,
CFyH), 125.79-137.54 (Ar-Phe), 160.94 (C=O0, For),
169.06 (C=0, DfeGly), 170.31 (C=0, Met), 172.25
(C=0, Phe). '°F-NMR (dg-DMSO, 376 MHz) § ppm:
—114.0 (ddd, 1F, 2J =282.4 Hz, 2J = 56.3 Hz, 3J =
20.8 Hz, 3J = 14.5 Hz, CFyH), —115.2 (ddd, 1F, 2J =
282.4 Hz, 2J = 56.2 Hz, 3J = 18.2 Hz, 3J = 13.4 Hz,
CF3H).

Analytical HPLC: R = 13.00 min. TLC (CHCl3/
MeOH/acetone, 5:1:1): Rf = 0.37. Calculated MW =
444 50 for C19H26F2N404S. ESI-MS: m/z [M+
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Na]t 467.15368 (467.15350), [2M + Na]* 911.31950
(911.31779), [3M + Na]* 1355.48134 (1355.48207).

Synthesis of For-Met-(aTfm)Ala-Phe-NH, (6)

The synthesis of 6 was carried out according to
Scheme 3.

Z-(R)-(Tfm)Ala-Phe-NH> (4a). Dipeptide 4a was
synthesized from Z-(S,R)-(¢Tfm)Ala-OH (1.46 g,
5.0 mmol) and H-Phe-NH; (984 mg, 6.0 mmol) using
method A. Purification of the diastereomeric mix-
ture was achieved by column chromatography
(eluant: CHCl3/MeOH, 10:1). Diastereomers were
separated by reverse-phase flash chromatography
(silica gel 60, silanized, 0.063-0.200 mm; eluant:
H;0/MeOH, 1:1). Yield of 4a: 655 mg (30%), first
fraction. Determination of the absolute configura-
tion of (¢Tfm)Ala in this dipeptide was performed by
x-ray diffraction analysis.

'H-NMR (ds-DMSO, 600 MHz) § ppm: 1.44 (s,
3H, TfmAla CHs), 2.99 (dd, 1H, 2J = 13.9 Hz,
3J =9.6 Hz, C’H,), 3.10 (dd, 1H, 2J =13.9 Hz,
3J = 4.0 Hz, Phe C’Hy), 4.31 (m, 1H, Phe C*H), 5.00
(b. s, 2H, CH,-Z), 7.12-7.25 (m, 5H, Ar-Phe), 7.15 (s,
1H, Phe NH,), 7.26 (s, 1H, Phe NH,), 7.30-7.40 (m,
5H, Ar-Z), 8.06 (d, 1H, 3J = 7.4 Hz, Phe NH), 8.30
(s, 1H, TfmAla NH). '3C-NMR (d¢-DMSO, 151 MHz) §
ppm: 18.33 (TfmAla CHj3), 35.60 (Phe C#), 54.19 (Phe
C%), 65.61 (CHy-Z), 125.67-137.64 (Ar-Z, Ar-Phe),
154.30 (C=0, Z), 165.32 (C=0, TfmAla), 171.91
(C=0, Phe). '°F-NMR (dg-DMSO, 376 MHz) § ppm:
—73.0 (s, 3F, CF3).

Analytical HPLC: R; = 16.97 min. TLC (CHCls/
MeOH, 10:1): Ry = 0.49. Calculated MW = 437.42
for C21H22F3N304_. ESI-MS: m/z [M + H]+ 438.16382
(438.16352), [M+ Na]t 460.14559 (460.14546),
M+ K]+ 476.11942 (476.11940), [2M + H]*
875.32116 (875.31976), [2M + Na]t 897.30292

Met (a-Tfm)/(a-Dfm)Ala Phe
Z——OH H—Ft—NH,
7 DIC, HOAt NH, 4/8
H,, Pd/C

Boc ———OH H NH,

Boc CAIBE / NMM NH, 5/9

H,N HCOOH NH,

CMF/TEA
For NH, 6/10

Scheme 3 Synthesis of peptides 4-6 and 8-10.
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(897.30170), [2M+ K]t 913.27810 (913.27564),
[3M + Na]* 1334.46015 (1334.45794).

X-ray crystallographic data: Single crystals
were grown from chloroform-hexane. Orthorhom-
bic, space group P2,2,2;, T=2232) K; a=
8.5815(5) A, b=11.0121(7) A, c=22.1372(14) A;
V =2092.02)A°; Z=4; D, =1.389 M.gm™3; CCD-
diffractometer (Bruker AXS), 10928 data collected,
4085 independent reflections (R = 0.0197), struc-
ture solution by direct methods, anisotropic refine-
ment [34] for all non-hydrogen atoms, hydrogen
atoms refined isotropically, R1 =0.0330, wR2 =
0.0777 [I > 20(D)]; and R1 =0.0441, wR2 = 0.0818
for all data [35].

Z-(S)-(Tfm)Ala-Phe-NH> (4b). Diastereomers were
separated by reverse-phase flash chromatography
(4b was eluted as the second fraction). Yield of 4b:
590 mg (27%).

'H-NMR (de-DMSO, 600 MHz) § ppm: 1.14 (s,
3H, TfmAla CH3), 2.82 (dd, 1H, 2J = 14.0 Hz, 3J =
11.4 Hz, Phe C#H,), 3.27 (br. dd, 1H, Phe C#H,), 4.48
(m, 1H, Phe C*H), 5.01, 5.08 (dd, 2H, 2J = 12.3 Hz,
CH,-Z), 7.14-7.27 (m, 5H, Ar-Phe), 7.32-7.42 (m,
5H, Ar-Z), 8.30 (d, 1H, 3J = 7.8 Hz, Phe NH), 8.36
(s, 1H, TfmAla NH). '3C-NMR (dg-DMSO, 151 MHz) §
ppm: 19.17 (TfmAla CHs), 35.66 (Phe C?), 53.11 (Phe
C%), 65.80 (CHy-Z), 125.68-138.01 (Ar-Z, Ar-Phe),
154.66 (C=0, Z), 165.97 (C=0, TfmAla), 172.29
(C=O0, Phe). 9F-NMR (de¢-DMSO, 376 MHz) § ppm.
—-72.9 (s, 3F, CF3).

Analytical HPLC: R, =17.11 min. TLC (CHCls/
MeOH, 10:1): Ry =0.42. Calculated MW = 437.42
for C21Hy3F3N304. ESI-MS: m/z [M + H]* 438.16410
(438.16352), [M + Na]® 460.14546 (460.14546),
M+ K]t 476.11952  (476.11940), [2M -+ H]"
875.32045 (875.31976), [2M + Na]* 897.30302
(897.30170), [2M +K]* 913.27689 (913.27564),
[BM + Na]* 1334.46127 (1334.45794).

Boc-Met-(S)-(aTfm)Ala-Phe-NH,  (5a). Tripep-
tide BSa was obtained from Boc-Met-OH
(548 mg, 2.2 mmol) and H-(S)-(¢Tfm)Ala-(S)-Phe-
NH, (303 mg, 1.0 mmol) (method B). Purification
by column chromatography (eluant: CHCl;/MeOH,
15:1). Yield of 5a: 342 mg (64%).

'H-NMR (de¢-DMSO, 600 MHz) § ppm: 1.32 (s, 3H,
TfmAla CHs), 1.37 (s, 9H, C(CH3)3), 1.73-1.82 (m,
1H, Met C#H,), 1.85-1.94 (m, 1H, Met C#H,), 2.04
(s, 3H, Met CHj3), 2.39-2.53 (m, 2H, Met C"H,),
2.82(dd, 1H, 2J = 14.1 Hz, 3J = 10.9 Hz, Phe C*H,),
3.26 (dd, 1H, 2J = 14.1 Hz, 3J = 3.7 Hz, Phe C’H,),
4.04 (m, 1H, Met C°H), 4.44 (m, 1H, Phe C“H),
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7.09 (s, 1H, Phe NH,), 7.14-7.27 (m, 5H, Ar-Phe),
7.20 (s, 1H, Phe NH,), 7.78 (d, 1H, 3J = 8.3 Hz, Phe
NH), 8.66 (s, 1H, TfmAla NH). 3C-NMR(dg-DMSO,
151 MHz) § ppm: 14.30 (Met CHj3), 18.43 (TfmAla
CHj), 27.66 (C(CHs)3), 29.19 (Met C) 29.98 (Met C#),
35.77 (Phe C#), 53.19 (Phe C%), 53.48 (Met C%), 60.59
(q. 2J = 30 Hz, TfmAla C%), 78.08 (C(CHzs)3), 124.09
(q. 'J =287 Hz, TfmAla CF3), 125.72-137.73 (Ar-
Phe), 155.31 (C=0, Boc), 165.38 (C=0, TfmAla),
171.96 (C=0, Phe), 172.25 (C=0, Met). °F-NMR
(de-DMSO, 376 MHz) § ppm: —72.8 (s, 3F, CF3).

Analytical HPLC: R; = 17.98 min. TLC (CHCls/
MeOH, 15:1): Ry = 0.30. Calculated MW = 534.60
for 023H33F3N4058. ESI-MS: m/z [M + Nf:l]Jr
557.20154 (557.20160), [2M+H]* 1069.43430
(1069.43203), [2M + Na]* 1091.41467
(1091.41397), [2M + K]* 1107.39077 (1107.38791),
[BM + Na]* 1625.62529 (1625.62635), [3M + K]*"
1641.60696 (1641.60029), [4M + Na]*+ 2159.84978
(2159.83873).

Boc-Met-(R)-(xTfm)Ala-Phe-NH, (5b). Tripeptide
5b was obtained from Boc-Met-OH (548 mg,
2.2 mmol) and H-(R)-(eTfm)Ala-Phe-NH, (303 mg,
1.0 mmol) (method B). Purification by column chro-
matography (eluant: CHCl;/MeOH, 15:1). Yield of
5b: 208 mg (39%).

'H-NMR (de¢-DMSO, 600 MHz) § ppm: 1.36 (s, 9H,
C(CHs3)3), 1.45 (s, 3H, TfmAla, CH3), 1.71-1.88 (m,
2H, Met CfH,), 2.03 (s, 3H, Met CH3), 2.37-2.48
(m, 2H, Met C"H,), 2.95 (dd, 1H, 2J = 14.1 Hz,
3J = 9.2 Hz, Phe C#H,), 3.13 (dd, 1H, 2J = 14.1 Hz,
3J = 4.7 Hz, Phe CfH,), 4.06 (m, 1H, Met C*H),
4.30 (m, 1H, Phe C*H), 7.12 (d, 1H, 3J = 7.0 Hz,
Met NH), 7.13-7.26 (m, 5H, Ar-Phe), 7.70 (d, 1H,
8J = 7.7 Hz, Phe NH), 8.67 (s, 1H, TfmAla NH). !3C-
NMR (de¢-DMSO, 151 MHz) § ppm: 14.19 (Met CH3),
17.54 (TfmAla, CHjz), 27.67 (C(CHs)3), 29.09 (Met
C”) 30.24 (Met C#), 35.71 (Phe C#), 53.21 (Met
C%), 54.13 (Phe C%), 61.08 (q, 2J = 29 Hz, TfmAla
C¥), 78.05 (C(CH3)s), 124.06 (q, 'J = 286 Hz, TfmAla
CF3), 125.72-137.52 (Ar-Phe), 155.27 (C=0, Boc),
164.69 (C=0,-TfmAla), 171.63 (C=0, Met), 172.11
(C=0, Phe). '°F-NMR (dg-DMSO, 376 MHz) § ppm:
—73.1 (s, 3F, CF3).

Analytical HPLC: R; = 17.94 min. TLC (CHCls/
MeOH, 15:1): R;=0.30. Calculated MW =
534.60 for 023H33F3N4O5S. ESI-MS: m/z [M+
H]* 535.21968 (535.21965), [M + Na]™ 557.20191
(557.20160), [M+K]*t 573.17578 (573.17553),
[2M + Na]®™ 1091.41677 (1091.41397), [2M +K]*"
1107.39187 (1107.38791), [BM + Na]* 1625.63540
(1625.62635), [4M + Na]™ 2159.83542 (2159.83873).
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For-Met-(S)-(cTfm)Ala-Phe-NH> (6a). Tripeptide 5a
(267 mg, 0.5 mmol) was deprotected by the above
mentioned general route and then N®-formylated
by applying method C to give 6a. Purification
by column chromatography (eluant: CHCl;/MeOH,
15:1). Yield of 6a: 155 mg (67%).

'H-NMR (de¢-DMSO, 600 MHz) § ppm: 1.29 (s, 3H,
TfmAla CHjz), 1.73-1.82, 1.95-2.03 (m, 2H, Met
CPH,), 2.05 (s, 3H, Met CH3), 2.38-2.45 (m, 2H, Met
C’H,), 2.82 (dd, 1H, 2J = 14.2 Hz, 3J = 10.7 Hz, Phe
CfH,), 3.25 (dd, 1H, 2J = 14.2 Hz, 3J = 4.1 Hz, Phe
CPH,), 4.41-4.49 (overl. m, 2H, Met C*H, Phe C*H),
7.07 (s, 1H, Phe NH,), 7.15-7.29 (m, 5H, Ar-Phe),
7.81 (d, 1H, 3J = 8.4 Hz, Phe NH), 8.01 (s, 1H, For
H), 8.45 (d, 1H, 3J = 7.3 Hz, Met NH), 8.86 (s, 1H,
TfmAla NH). '*C-NMR (d¢-DMSO, 151 MHz) § ppm:
14.33 (Met CH3), 18.50 (TfmAla CHj), 28.99 (Met C?)
30.58 (Met C#), 35.82 (Phe C#), 50.57 (Met C%), 53.19
(Phe C¥), 60.62 (q, 2J = 29 Hz, TfmAla C%), 124.12
(q. 'J =286 Hz, TfmAla CFs3), 125.73-137.77 (Ar-
Phe), 161.01 (C=O0, For), 165.31 (C=0, TfmAla),
171.22 (C=0, Met), 172.00 (C=0, Phe). °F-NMR
(d¢-DMSO, 376 MHz) §-ppm: 72.7 (s, 3F, CF3).

Analytical HPLC: R, = 13.51 min. TLC (CHCls/
MeOH, 15:1): R;=0.15. Calculated MW =
462.49 for Ci19Hy5F3N,O4S. ESI-MS: m/z [M + HJ*

463.16247 (463.16214), [M+ Na]t 485.14425
(485.14408), [M+K]* 501.11852 (501.11802),
[2M + Na]t 947.30160 (947.29894), [2M+K]*

963.27412 (963.27288), [3M + Na]* 1409.45676
(1409.45381), [4M + Na]* 1871.62426
(1871.60867).

For-Met-(R)-(aTfm)Ala-Phe-NH, (6b). Tripeptide
5b (267 mg, 0.5 mmol) was deprotected as described
above and then N“-formylated by method C to give
6b. Purification by column chromatography (eluant:
CHCIl3/MeOH, 15:1). Yield of 6b: 169 mg (73%).
'H-NMR (de¢-DMSO, 600 MHz) § ppm: 1.46 (s, 3H,
TfmAla CHjs), 1.72-1.81, 1.87-1.96 (m, 2H, Met
CPH,), 2.03 (s, 3H, Met CHjs), 2.37-2.48 (m, 2H,
Met C"Hy), 2.96 (dd, 1H, 2J = 14.1 Hz, 3J = 9.0 Hz,
Phe C#Hy,), 3.11 (dd, 1H, 2J = 14.1 Hz, 3J = 4.9 Hz,
Phe CPH,), 4.30 (m, 1H, Phe C°H), 4.49 (m, 1H,
Met C*H), 7.13-7.27 (m, 5H, Ar-Phe), 7.72 (d, 1H,
3J = 7.6 Hz, Phe NH), 8.03 (s, 1H, For H), 8.38 (d,
1H, 3J = 7.8 Hz, Met NH), 8.89 (s, 1H, TfmAlaNH).
I3C-NMR (d¢-DMSO, 151 MHz) § ppm: 14.21 (Met
CHjz), 17.77 (TfmAla CHjs), 28.80 (Met C¥) 30.99
(Met C#), 35.73 (Phe C#), 50.30 (Met C%), 54.06
(Phe C¥), 61.13 (q, 2J = 30 Hz, TfmAla C%), 124.06
(q. 'J =286 Hz, TfmAla CF3), 125.72-137.47 (Ar-
Phe), 160.89 (C=O0, For), 164.63 (C=0, TfmAla),
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171.05 (C=0, Met), 171.67 (C=0O, Phe). 1°F-NMR
(ds-DMSO, 376 MHz) § ppm: —72.9 (s, 3F, CF3).

Analytical HPLC: R = 13.49 min. TLC (CHCl3/
MeOH, 15:1): R;=0.17. Calculated MW =
462.49 for C,9Hy5F3N,04S. ESI-MS: m/z [M+
H]* 463.16268 (463.16214), [M + Na]* 485.14433
(485.14408), [M+ K]t 501.11869 (501.11802),
[2M + Na]® 947.30112 (947.29894), [2M +K]*"
963.27793 (963.27288), [3M + Na]™ 1409.45730
(1409.45381).

For-Met-Aib-Phe-NH; (7)

The synthesis of 7 was carried out according to
Scheme 3.

'H-NMR (dg-DMSO, 400 MHz) § ppm: 1.17 (s,
3H, Aib CHs), 1.21 (s, 3H, Aib CHjs), 1.69-1.81,
1.85-1.97 (m, 2H, Met CFfH,), 2.04 (s, 3H, Met
CHs), 2.36-2.49 (m, 2H, Met C"H,), 2.89 (dd, 1H,
2J = 14.0 Hz, 3J = 10.3 Hz, Phe CPfH,), 3.16 (dd,
1H, 2J = 14.0 Hz, 3J = 4.3 Hz, Phe C#H,), 4.25-4.35
(m,2H, Phe C*H, Met C*H), 7.06-7.28 (m, 7H, Ar-
Phe, Phe NH,), 7.41 (d, 1H, 3J = 8.4 Hz, Phe NH),
8.04 (s, 1H, For H), 8.23 (s, 1H, Aib NH), 8.35
(d, 1H, 3J = 7.6 Hz, Met NH). 3C-NMR (ds-DMSO,
101 MHz) § 14.59 (Met CHs), 24.27 (Aib CHs), 25.05
(Aib CH3), 29.33 (Met C”), 31.23 (Met C#), 36.17 (Phe
C#), 51.15 (Met C%), 53.87 (Phe C*), 55.90 (Aib C¥),
126.01-138.33 (Ar-Phe), 161.39 (C=0, For), 171.03
(C=0, Met), 172.87 (C=0, Phe), 173.15 (C=0, Aib).

Analytical HPLC: R;=11.25min. Calculated
MW = 408.52 for C,9HsN4,0,4S. ESI-MS: m/z [M +
Na]t 431.17296 (431.17235), [M + K|t 447.14712
(447.14629), [2M + Na]* 839.35793 (839.35492),

Synthesis of For-Met-(a«Dfm)Ala-Phe-NH, (10)

The synthesis of 10 was carried out according to
Scheme 3.

Z-(aDfm)Ala-Phe-NH, (Diastereomer [) (8a).
Dipeptide 8 was synthesized from Z-(R,S)-
(«Dfm)Ala-OH (273 mg, 1.0 mmol) and H-Phe-NH,
(197 mg, 1.2 mmol). Yield of 8a: 134 mg (32%), first
fraction. Separation of the diastereomers by MPLC
(medium-pressure liquid chromatography).

'H-NMR (d¢-DMSO, 400 MHz) § ppm: 1.27 (br
s, 3H, DfmAla CHjs), 2.95 (dd, 1H, 2J = 13.9 Hz,
3J = 8.7 Hz, Phe C#Hy), 3.04 (dd, 1H, 2J = 13.9 Hz,
3J = 4.9 Hz, Phe CPH,), 4.34 (ddd, 1H, °J = 8.7 Hz,
8J =79 Hz, 3J = 4.9 Hz, Phe C*H), 4.93-5.07 (br.
m, 2H, CH,-Z), 6.23 (br. t, 1H, 2J = 57 Hz, CF,H),
7.10-7.40 (overl. m, 12H, Ar-Z, Ar-Phe, NH,-Phe),
7.81 (d, 1H, 3J =7.9 Hz, Phe NH), 7.96 (br. s,
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DfmAla NH). '¥*C-NMR (dg-DMSO, 101 MHz) § ppm:
16.33 (DfmAla CHs), 36.56 (Phe C#), 54.11 (Phe C¥),
60.21 (t, 2J =20 Hz, DfmAla C%), 113.84 (t, 'J =
247 Hz, CFyH), 126.18-137.92 (Ar-Phe), 155.25
(C=0, Z), 168.94 (C=0, DfmAla), 172.36 (C=0,
Phe). °F-NMR (d¢-DMSO, 376 MHz) § ppm: —126.7
(dd, 1F, 2J = 276.4 Hz, 2J = 56.8 Hz, CFyH), —130.4
(dd, 1F, 2J = 276.4 Hz, 2J = 56.8 Hz, CF,H).

Analytical HPLC: R;=15.53 min. Calculated
MW = 419.43 for C21H23F2N304. ESI-MS: m/z [M +
H]* 420.17377 (420.17294), [M + Na]™ 442.15539
(442.15488), [M+K]"™ 458.13036 (458.12882),
[2M + Na]* 861.32199 (861.32000).

Z-(aDfm)Ala-Phe-NH, (Diastereomer 1) (8b).
Dipeptide 8b was synthesized from Z-(R,S)-DfmAla-
OH (273 mg, 1.0 mmol) and H-Phe-NH; (197 mg,
1.2 mmol). Yield of 8b: 125mg (30%), second
fraction. Separation of the diastereomers by MPLC.

'H-NMR(d¢-DMSO, 600 MHz) § ppm: 1.04 (br
s, 3H, DfmAla CHs), 2.85 (dd, 1H, 2J = 13.9 Hz,
3J = 10.7 Hz, Phe CH,), 3.21 (dd, 1H, 2J = 13.9 Hz,
3J = 4.0 Hz, Phe C*H,), 4.47 (ddd, 1H, 3J = 10.7 Hz,
3J = 8.6 Hz, 3J = 4.0 Hz, Phe C*H), 5.02 (br. m, 2H,
CH,-Z), 6.19 (br t, 1H, 2J = 56 Hz, CFyH), 7.12-7.42
(12H, overl. m, Ar-Z, Ar-Phe, NH,-Phe), 8.07 (br.
s, 1H, DfmAla NH), 8.13 (d, 1H, d, 3J = 8.6 Hz,
Phe NH). 3C-NMR (d¢-DMSO, 151 MHz) § 16.91
(DfmAla CH3), 36.28 (Phe C#), 53.24 (Phe C%), 59.75
(t, 2J =21 Hz, DfmAla C%), 113.92 (t, 'J = 246 Hz,
CFyH), 126.14-138.33 (Ar-Phe), 155.64 (C=0, Z),
169.38 (C=0, DfmAla), 172.66 (C=O, Phe). °F-
NMR (ds-DMSO, 376 MHz) § ppm: —128.1 (dd, 1F,
2J = 275.1 Hz, 2J = 55.6 Hz, CF,H), —130.2 (dd, 1F,
2J = 276.4 Hz, 2J = 56.8 Hz, CF,H).

Analytical HPLC: R;=15.79 min. Calculated
MW = 419.43 for 021H23F2N304. ESI-MS: m/z [M +
H]* 420.17335 (420.17294), [M + Na]* 442.15535
(442.15488), [M+ K]t 458.12966 (458.12882),
[2M + H]T 839.34149 (839.33805), [2M + Na|"™
861.32169 (861.32000).

Boc-Met-(Dfm)Ala-Phe-NH, (diastereomer )
(9a). 9a was synthesized from Boc-Met-OH (548 mg,
2.2 mmol) and H-(eDfm)Ala-Phe-NH, (diastereomer
I) (285 mg, 1.0 mmol) (method B). Purification
by column chromatography (eluant: CHCl3/MeOH,
20:1). Yield of 9a: 268 mg (52%).

'H-NMR (d¢-DMSO, 400 MHz) § ppm: 1.29 (br s,
3H, DfmAla CHj), 1.36 (s, 9H, C(CHj)s), 1.70-1.88
(m, 2H, Met C*H,), 2.02 (s, 3H, Met CHg), 2.38-2.47
(m, 2H, Met C"H,), 2.91 (dd, 1H, 2J = 14.1 Hz,
3J = 9.1 Hz, Phe C#H,), 3.08 (dd, 1H, 2J = 14.1 Hz,

J. Peptide Sci. 10: 67-81 (2004)



3J = 5.0 Hz, Phe CfH,), 4.03 (m, 1H, Met C*H) 4.26
(m, 1H, Phe C*H), 6.25 (br. t, 1H, 2J = 57 Hz, CF,H),
7.07 (d, 1H, 3J = 6.8 Hz, Met NH), 7.10-7.28 (overl.
m, 7H, Ar-Phe, Phe NH,), 7.61 (d, 1H, 3J = 7.9 Hz,
Phe NH), 8.41 (s, 1H, DfmAla NH). '3C-NMR (dg-
DMSO, 101 MHz) § ppm: 14.60 (Met CHj3), 16.10
(DfmAla, CHj), 28.11 (C(CHj3)3), 29.40 (Met Cv),
31.30 (Met CP), 36.46 (Phe CP), 53.40 (Met C9),
54.48 (Phe C%), 60.42 (t, 2J = 30 Hz, DfmAla Cv),
78.49 (C(CHs)s), 113.63 (t, 'J =249 Hz, CFyH),
126.15-138.10 (Ar-Phe), 168.35 (C=O0, DfmAla),
172.16 (C=O0, Phe), 172.71 (C=0, Met). °F-NMR
(ds-DMSO, 376 MHz) § ppm: —126.5 (dd, 1F, 2J =
276.4 Hz, 2J =56.4 Hz, CF,H), —129.4 (dd, 1F,
2J = 276.4 Hz, 2J = 57.2 Hz, CF,H).

Analytical HPLC: R; = 16.54 min. TLC (CHCls/
MeOH, 15:1): Ry = 0.30. Calculated MW = 516.61
for 023H34F2N405S. ESI-MS: m/z [M + Na]+
539.21171 (539.21102), [2M + Na]t 1055.43515
(1055.4322).

Boc-Met-(Dfm)Ala-Phe-NH,> (diastereomer II)
(9b). Tripeptide 9b was synthesized from Boc-Met-
OH (548 mg, 2.2 mmol) and H-(¢Dfm)Ala-Phe-NH,
(diastereomer II) (285 mg, 1.0 mmol) (Method B).
Purification by column chromatography (eluant:
CHCl3/MeOH, 20: 1). Yield of 9b: 330 mg (64%).

'H-NMR (dg-DMSO, 400 MHz) § ppm: 1.18 (br. s,
3H, DfmAla CH3), 1.37 (s, 9H, C(CHs)3), 1.68-1.83
(m, 1H, Met C’H,), 1.83-1.96 (m, 1H, Met C’Hs,),
2.04 (s, 3H, Met CHj), 2.37-2.54 (m, 2H, m, Met
C"H,), 2.82 (dd, 1H, dd, 2J = 14.0 Hz, 3J = 10.3 Hz,
Phe C#H,), 3.21 (dd, 1H, 2J = 14.0 Hz, 3J = 3.4 Hz,
Phe CPH,), 4.03 (m, 1H, Met C*H) 4.43 (m, 1H,
Phe C*H), 6.20 (br. t, 1H, 2J = 57 Hz, CFyH), 7.10
(d, 1H, 3J = 7.1 Hz, Met NH), 7.00-7.30 (overl. m,
7H, Ar-Phe, Phe NH,), 7.69 (d, 1H, 3J = 8.4 Hz, Phe
NH), 8.47 (s, 1H, DfiAla NH). 3C-NMR (dg-DMSO,
101 MHz) § ppm: 14.61 (Met CHs), 16.17 (DfmAla
CH3), 28.03 (C(CHs)s), 29.50 (Met C7), 30.54 (Met
C?), 36.50 (Phe C?), 52.91 (Phe C%), 53.23 (Met C9),
59.86 (t, 2J = 32 Hz, DfmAla C%), 78.40 (C(CHas)s),
113.37 (t, 'J = 254 Hz, CFyH), 126.12-138.03 (Ar-
Phe), 168.92 (C=0, DfmAla), 172.75 (C=O0, Phe),
173.05 (C=0, Met). ?F-NMR (dg-DMSO, 376 MHz)
8 ppm: —126.7 (dd, 1F, 2J = 275.7 Hz, 2J = 56.2 Hz,
CF,H), —130.3 (dd, 1F, 2J = 275.7 Hz, 2J = 57.0 Hz,
CFyH).

Analytical HPLC: R; = 16.79 min. TLC (CHCls/
MeOH, 15:1): Ry =0.32. Calculated MW = 516.61
for 023H34F2N405S. ESI-MS: m/z [M + Na]+
539.21169 (539.21102), [2M + Na]* 1055.43586
(1055.43227).
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For-Met-(aDfm)Ala-Phe-NH, (diastereomer 1)
(10q). Tripeptide 9a (258 mg, 0.5 mmol) was
deprotected as described above and then N¢%-
formylated by method C to give 10a. Purification
by column chromatography (eluant: CHCl;/MeOH,
15:1). Yield of 10a: 173 mg (78%).

'H-NMR (ds-DMSO, 600 MHz) § ppm: 1.29 (br. s,
3H, DfmAla CHj), 1.73-1.81 (m, 1H, Met CPH,),
1.85-1.92 (m, 1H, Met CPH,), 2.03 (s, 3H, Met
CHj), 2.37-2.47 (m, 2H, Met C"H,), 2.92 (dd, 1H,
2J = 14.0 Hz, 3J = 8.9 Hz, Phe C*H,), 3.05 (dd, 1H,
2J = 14.0 Hz, 3J = 5.0 Hz, Phe C’H,), 4.28 (dt, 1H,
dt, 3J =8.3 Hz, 3J =5.0 Hz, Met C“H), 4.45 (dt,
1H, 3J =7.8 Hz, 3J =5.2 Hz, Phe C°H), 6.27 (t,
1H, 2J = 56.2 Hz, CF,H), 7.12 (br s, 1H, Phe NH,),
7.13-7.26 (overl. m, 6H, Ar-Phe, Phe NH,), 7.63
(d, 1H, 3J = 7.8 Hz, Phe NH), 8.03 (s, 1H, For H),
8.36 (br. d, 1H, 3J =8 Hz, Met NH), 8.61 (s, 1H,
DfmAla NH). '3C-NMR (d¢-DMSO, 151 MHz) § ppm:
14.58 (Met CH3), 16.17 (DfmAla CHs), 29.11 (Met
C7), 31.49 (Met C%), 36.40 (Phe C%), 50.48 (Met C¥),
54.24 (Phe Cv), 60.35 (t, 2J =21 Hz, DfmAla Cv),
113.51 (t, 'J =241 Hz, CF,H), 126.13-137.98 (Ar-
Phe), 161.28 (C=0, For), 168.32 (C=0, DfmAla),
171.72 (C=0, Met), 172.12 (C=0, Phe). °F-NMR
(de-DMSO, 565 MHz) § ppm: —126.5 (dd, 1F, 2J =
277.0 Hz, 2J =56.2 Hz, CF;H), —129.5 (dd, 1F,
2J = 277.0 Hz, 2J = 56.5 Hz, CF,H).

Analytical HPLC: R = 11.61 min. TLC (CHCl3/
MeOH, 15:1): R =0.14. Calculated MW = 444.50
for C19H26F2N4O4S. ESI-MS: m/z [M + Na]*
467.15402 (467.15350), [2M + Na]t 911.32037
(911.31724).

For-Met-(aDfm)Ala-Phe-NH> (diastereomer II)
(10b). Tripeptide 9b (258 mg, 0.5 mmol) was
deprotected as described above and then N¢-
formylated by method C to give 10b. Purification
by column chromatography (eluant: CHCl3/MeOH,
15:1). Yield of 10b: 144 mg (65%).

'H-NMR (d¢-DMSO, 600 MHz) § 1.15 (br. s,
3H, DfmAla CHj), 1.71-1.80 (m, 1H, Met C’H,),
1.95-2.02 (m, 1H, Met CPH,), 2.05 (s, 3H, Met
CHs), 2.37-2.49 (m, 2H, Met C'H,), 2.83 (dd, 1H,
2J = 14.0 Hz, 3J = 10.2 Hz, Phe C’H,), 3.20 (dd, 1H,
2J = 14.0 Hz, 3J = 4.1 Hz, Phe CfH,), 4.43 (overl. m,
2H, Met C*H, Phe C9%), 6.22 (t, 1H, 2J = 56.6 Hz,
CFyH), 7.05 (br. s, 1H, Phe NH,), 7.16-7.27 (overl.
m, 6H, Ar-Phe, Phe NH,), 7.71 (d, 1H, 3J = 8.3 Hz,
Phe NH), 8.04 (s, 1H, For H), 8.40 (br. d, 1H,
3J =7 Hz, Met NH), 8.67 (s, 1H, DfmAla NH). !3C-
NMR (de¢-DMSO, 151 MHz) § ppm: 14.66 (Met CH3),
16.19 (DfmAla CHj), 29.44 (Met C7), 31.10 (Met C#),
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36.49 (Phe C#), 50.67 (Met C*), 53.29 (Phe C), 59.86
(t, 2Jcr = 23 Hz, DfmAla C%), 113.30 (t, !J = 241 Hz,
CFyH), 126.19-138.06 (Ar-Phe), 161.42 (C=0, For),
168.97 (C=0, DfmAla), 172.22 (C=0, Met), 172.43
(C=0, Phe). °F-NMR(dg-DMSO, 565 MHz) § ppm:
—126.5 (dd, 1F, 2J = 276.1 Hz, 2J = 56.5 Hz, CF,H),
—130.5 (dd, 1F, 2J = 276.1 Hz, 2J = 56.5 Hz, CF,H).

Analytical HPLC: R; = 12.21 min. TLC (CHCls/
MeOH, 15:1): Ry = 0.12. Calculated MW = 444.50
for 019H26F2N404S. ESI-MS: m/z [M + Na]+
467.15403 (467.15350), [2M + Na]* 911.32061
(911.31724).

Cell preparation. Polymorphonuclear leukocytes
(PMNs, neutrophils) were isolated from freshly
heparinized (10 U/ml) blood of healthy volun-
teers. The preparation included a dextran-enhanced
sedimentation of red blood cells, Ficoll-Hypaque
density centrifugation, lysis of remaining red blood
cells with distilled water and washing of cells
with Hanks’ balanced salt solution. PMNs were
stored in Hanks’ medium at a concentration of
4 x 108 cells/ml at 4°C. The cells were used within
2 h after preparation. For each experiment, PMNs
were purified from at least three different donors.

Luminol chemiluminescence. All luminescence
measurements were performed on a microplate
luminometer MicroLumat LB 96 P (EG & G Berthold,
Wildbad, Germany) using white microtitre plates.
Cells (10° cells/well) were preincubated with lumi-
nol (5 x 10-% mol/1, final concentration) at 37 °C for
5 min. 50 pl of a working solution of tripeptide was
added to 200 pl cell suspension in order to acti-
vate the cells via the formyl peptide receptor. The
luminol-dependent chemiluminescence, which indi-
cates the oxidative activity of stimulated PMNs, was
followed during the next 11 min. All experiments
were run in triplicate.

RESULTS AND DISCUSSION

Analogues of the chemotactic peptide fMLF contain-
ing a fluorinated amino acid at position 2 instead
of Leu were synthesized to impose stereochemical
restrictions on the peptide backbone as well as to
investigate the effect of fluorine on the biological
activity of small peptides. The corresponding Aib
peptide was synthesized and studied in the biolog-
ical assay as a reference in view of the fact that
its structural properties and biological activity have
been very well investigated [36,37]. Incorporation of

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

an oTfm and «Dfm group, respectively, into amino
acids is known to induce considerable polariza-
tion effects on neighbouring substituents. Due to
the high electron density, fluoroalkyl substitution
implies the capability of peptide interaction with
receptor subsites in a manner which is completely
different from that of non-fluorinated analogues.
Moreover, substitution of the C*-proton of an amino
acid by both the Tfm and Dfm groups was found
to exert conformational restrictions on the peptide
chain. Thus, backbone torsion angles determined
from several crystal structures indicate the forma-
tion of B-turns [38,39]. These structural alterations
result in an increased proteolytic stability of peptides
[40].

Bacterial peptides related to the fMLF-prototype
act via binding to the formyl peptide receptors (FPR).
Upon ligand binding to FPR different signalling
events are induced, resulting in activation of NADPH
oxidase [41-44]. Furthermore, NADPH oxidase
reduces molecular oxygen to superoxide anion
radicals and gives rise to the formation of all other
reactive oxygen species produced by PMNs [45].
These reactive oxygen species modify luminol under
the emission of light. Therefore, luminol-dependent
chemiluminescence is a very sensitive method for
detecting newly generated reactive oxygen species
by these cells. fMLF and related peptides act at the
start of this cascade. The FPR receptor recognizes
not only fMLF but also a variety of other structurally
related peptides [46-48].

Typical kinetics of the luminol-dependent chemi-
luminescence of tripeptide stimulated PMNs are
shown in Figure 1.

In particular, the chemotactic tripeptide fMLF is
known to produce several time-resolved maxima
of luminescence upon PMN stimulation while the
intensity of these maxima depends on cell concen-
tration and the cell state [49,50]. In accordance
with those published data, luminescence curves of
the fluorinated analogues investigated here exhib-
ited two maxima under our experimental conditions.
The first maximum was usually found during the
second minute after cell stimulation. In most cases,
this maximum looked like a shoulder. The second
maximum was more evident. With our peptides it
was found during the fifth minute after the addition
of the cell stimulator.

Figure 2 summarizes the results of the luminol-
dependent chemiluminescence assay (normalized
integral values are given for a concentration of
1076 mol/l; strictly similar results, obtained at
1073 mol/1 and 10-7 mol/]l concentrations, are not
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Figure 1 Kinetics of luminol chemiluminescence of oligopeptide stimulated PMNs. The arrow indicates the time of
stimulation. The curves of the following tripeptides are reported: For-Met-Leu-Phe-NHy (M), For-Met-(R)-(o'Tfm)Ala-Phe-NHy
(#), For-Met-Aib-Phe-NHs (®) and For-Met-(eDfm)Ala-Phe-NHy (diastereomer II) (A). Representative examples from four
different cell preparations are shown.
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Figure 2 Integral values of luminol chemiluminescence of tripeptide stimulated PMNs. The integrals were determined over
a time period of 10 min after stimulation. Mean + SD of four different cell preparations are indicated. All other experimental
conditions were as in Figure 1.

shown) of the fluorinated analogues in comparison synthesized analogues were active in generating
to the parent peptide For-Met-Leu-Phe-NH, and reactive oxygen species, although For-Met-Leu-Phe-
the Aib analogue. It is clearly seen that all of the NH, yielded by far the most intense response in
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Figure 3 Crystal structure of 7-(R)-(«Tfm)Ala-Phe-NHy (4a). The intramolecular H-bond is indicated by a dashed line.
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Figure 4 Kinetics of luminol chemiluminescence of For-Met-(R)-(«Tfm)Ala-Phe-NHy stimulated PMNs as a function of the
stimulator concentration. The final peptide concentrations were 105 mol/1 (M), 106 mol/1 (A) and 10~7 mol/1 (4). All other

experimental conditions were as in Figure 1.

comparison to all other tripeptides tested. The
activity, though, was not only dependent on the
nature of the substituent but also on the abso-
lute configuration of the fluorinated amino acid. The
most significant difference in inducing an oxidative
activity was observed between the two diastere-
omers of For-Met-DfeGly-Phe-NH,. Interestingly, the
activity of the (S)-DfeGly-analogue, having the fluo-
rinated side chain in the same position as it would
be for the Leu side chain in For-Met-Leu-Phe-NHoy,
reached the same order of magnitude as found for
the Aib substituted peptide. The activity dropped
by more than 50% in the (R)-DfeGly analogue. This
finding confirms literature data on the importance

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

of the hydrophobic interaction between the amino
acid at position 2 and the receptor binding pocket.
Interestingly, in the case of the (¢Tfm)Ala peptides
the (R)-diastereomer, having the bulkier Tfm side
chain in the same position as that of the Leu
side chain in For-Met-Leu-Phe-NHy (Figure 3) was
the more active one in producing reactive oxygen
species.

The luminescence response increased in a
concentration-dependent manner for all the tested
peptides. A typical example is given in Figure 4 for
the most reactive analogue, For-Met-(R)-(«Tfm)Ala-
Phe-NH, (4a), among the fluorinated peptides
investigated.
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CONCLUSION

Site-specific incorporated, highly functionalized
amino acids within biologically active peptides
can serve as valuable biophysical probes for the
investigation of structure—function relationships.
Usually, the incorporation of fluorine atoms dra-
matically influences the physical properties of
amino acids and proteins as well as providing
the opportunity for studying conformational prop-
erties, peptide/protein-membrane interactions, or
metabolic processes by °F-NMR [26,51]. Fur-
thermore, the incorporation of fluoroalkyl amino
acids into peptides is known to result in an
increased resistance towards proteolysis as well as
stabilization of secondary structures [40,52].

A small library of chemotactic peptide analogues
of For-Met-Leu-Phe-NH, substituted at position
2 by different fluorinated amino acids varying
in the content of fluorine, the length of the
fluorinated side chain, and alkylation degree at the
a-carbon atom was synthesized and the influence
of the fluorine substitution on the biological
activity was investigated. In a luminol-dependent
chemiluminescence assay all of the synthesized For-
Met-Leu-Phe-NHy analogues showed activity in the
generation of reactive oxygen species. The activity
was not only dependent on the nature of the
substituent but also on the absolute configuration
of the fluorinated amino acid. Remarkably, in the
cases of the (¢Tfm) and DfeGly analogues, the
diastereomer having the fluorinated, bulkier side
chain in the same position as it would be for the
Leu side chain in For-Met-Leu-Phe-NH, was the
more active one. The (¢Dfm) Ala analogue seems
to work in the same way; however, the configuration
of the fluorinated amino acid has not been proven
by crystal structure analysis yet.

This finding shows again the importance of the
hydrophobic interaction between the amino acid
at position 2 and the receptor binding pocket.
Furthermore, these results establish that chemo-
tactic peptide analogues which favour folded back-
bone conformations are biologically highly active
[1,10,37]. In any case, activity of the fluoroalkyl
substituted analogues of For-Met-Leu-Phe-NHs, e.g.
in inducing chemotaxis, lysosomal enzyme release
and histamine release, has to be further investi-
gated as it appears that analogues that are highly
active in generating reactive oxygen species are not
necessarily active in chemotaxis. The Aib-modified
analogue investigated here had already been shown
to be highly active for the release of lysozyme from
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rabbit neutrophils [37]. As the shape of lumines-
cence curves for all of the fluoro-modified peptides
tested was comparable to that of the Aib analogue, a
common mechanism of cell activation for all of these
stimulators can be assumed. Obviously, the prepa-
ration of fluoroalkyl substituted For-Met-Leu-Phe-
NH, analogues resulted in structurally constrained
peptidomimetics active in the generation of reac-
tive oxygen species and bearing a fluorine label
for NMR spectroscopy. Therefore, these conceptually
new analogues of the prototype of the chemotactic
peptide family provide the opportunity to study the
receptor bound conformation of these signal pep-
tides by °F-NMR.
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