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Enantiopure heterocyclic Boc-protected Phe-Gly dipeptidomimetics containing 1,3,4-oxadiazole,
1,2,4-oxadiazole, and 1,2,4-triazole ring systems have been synthesized as building blocks in
the synthesis of pseudopeptides. Three derivatives (1-3) have the carboxylic acid function
directly bound to the heterocyclic ring, and three derivatives (4-6) have an extra methylene
group between the heterocyclic ring and the acid function to allow for an increased conforma-
tional flexibility. The mimetics were used as Phe-Gly replacements in the biologically active
peptides dermorphin (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2) and substance P (Arg-Pro-Lys-Pro-
Gln-Gln-Phe-Phe-Gly-Leu-MetNH2, SP). The pseudopeptide synthesis was performed using
solid-phase methodology on a MBHA-resin using Boc-chemistry. The biological evaluation was
performed by testing the µ- and δ-opioid receptor affinities of the dermorphin pseudopeptides
and the NK1 receptor affinities of the SP pseudopeptides. The results showed that all mimetics
except 3 were excellent replacements of Phe-Gly in dermorphin since they displayed affinities
for the µ-receptor (IC50 ) 12-31 nM) in the same range as dermorphin itself (IC50 ) 6.2 nM).
The agonist activity of three pseudopeptides at human µ-receptors was also evaluated. It was
shown that the tested compounds retained their agonist activity. The SP pseudopeptides showed
considerably lower affinities (IC50 > 1 µM) for the NK1 receptor than SP itself (IC50 ) 1.5 nM)
indicating that the Phe-Gly replacements prevent the pseudopeptides from adopting bioactive
conformations.

Introduction

Although several different strategies have been used
in the development of peptidomimetic compounds, it is
still not fully understood how to rationally convert a
peptide into a nonpeptide while maintaining the desired
biological activity. Commonly used strategies for peptide
mimicry involve replacements of amino acids, replace-
ments of amide bonds or oligopeptides, or introduction
of global or local conformational constraints.2-13 We are
interested in the structural and biological effects caused
by replacement of important dipeptide fragments in
biologically interesting peptides with nonpeptidic moi-
eties.14,15 Frequently, only a small part of the peptide
(4-8 amino acids), the binding epitope, is responsible
for the recognition and binding to the receptor. These
key amino acids can be used as the starting point for
the design of nonpeptidic receptor ligands. The replace-
ments may be designed by computer modeling to display
optimal similarities with the natural oligopeptide frag-
ments in both three-dimensional and physicochemical
terms.

In the present report, we describe the design, syn-
thesis, and biological evaluation of six heterocyclic Phe-
Gly mimetics (1-6) (Chart 1).16 The compounds contain
1,3,4-oxadiazole,17-20 1,2,4-oxadiazole,21-24 and 1,2,4-
triazole25-27 ring systems as amide bond replacements.

The three heterocycles are known as efficient ester and/
or amide isosteres,28 but only the 1,2,4-triazole has
previously been used in peptide mimicry.29,30 Although
similar in size and shape, the ring systems show
variations in aromatic, electrostatic, and hydrogen-
bonding properties: (i) all three heterocycles can par-
ticipate in hydrogen bonding, the oxadiazoles as accep-
tors and the triazole as both acceptor and donor; (ii) the
triazole and the 1,3,4-oxadiazole rings are aromatic,
whereas the 1,2,4-oxadiazole is better described as a
conjugated diene;24 and (iii) only the 1,2,4-triazole
displays any acidic or basic properties with pKa values
of 2.19 (as base) and 10.26 (as acid).27 These variations
provide an opportunity to evaluate properties of impor-
tance for amide bond mimicry and to determine the
characteristics of the peptide backbone that are crucial
for bioactivity.

The mimicking ability of the dipeptide mimetics was
evaluated after incorporation of the compounds into
substance P (SP, Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-
Gly-Leu-Met-NH2)31,32 and dermorphin (Tyr-D-Ala-Phe-
Gly-Tyr-Pro-Ser-NH2)33-35 as replacements for Phe-Gly.

Relevant structure-activity relationship studies have
been performed on both SP and dermorphin. The
C-terminal hexapeptide amide of SP (SP6-11)36 and the
N-terminal tetrapeptide amide of dermorphin37 repre-
sent minimum sequences required for receptor recogni-
tion and binding. Several SP6-11 pseudopeptides38 com-
prising Phe8-Gly9 replacements have been reported: e.g.
ψ[CHdCH],39 ψ[CFdCH],40 ψ[COCH2],41 ψ[NHCO],42
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and ψ[CH2O].43 The biological activities were investi-
gated in guinea pig ileum assays showing relative
potencies of 24% (ψ[CHdCH]),39 70% (ψ[COCH2]),41 22%
(ψ[NHCO]),42 and 25% (ψ[CH2O])43 of that of the natural
peptide. The ψ[CFdCH]8-9-SP pseudopeptide showed
a binding affinity for the rat NK1 receptor equal to SP
(IC50 ) 2 nM).40 These results suggest that the Phe-
Gly amide bond in SP is important for the biological
activity and that it can be modified to some extent
without detrimental effects on the biological activity.

Several studies on dermorphin have stressed the
importance of the relative orientation of the aromatic
groups of Tyr1 and Phe3 for receptor selectivity.44-46

Early studies using pseudopeptides implied that the
Phe3-Gly4 amide bond contributes to the bioactivity of
dermorphin either by intramolecular hydrogen bonding
or by direct interaction with the receptor.47,48 However,
more recent studies on ψ[E,CHdCH]3-4-dermorphin,49

which retains quite high affinity for the µ-receptor,
indicate that the influence of the Phe-Gly amide bond
on the receptor interaction is independent of Gly4NH
hydrogen bonding. Also other Phe3-Gly4 dermorphin or
N-terminal pseudopeptides with isosteric moieties such
as ψ[NHCO],47 ψ[COCH2],48 ψ[CH2S],50 and ψ[CH2SO]50

show lower potencies than dermorphin in both binding
assays and functional tests.

The biological evaluation of the pseudopeptides syn-
thesized in this study was performed by testing the µ-
and δ-opioid receptor affinities of the pseudopeptides
1d-6d and NK1 receptor affinities of pseudopeptides
1e-3e, and 5e, and 6e. The agonist activity of pseudo-
peptides 2d, 4d, and 5d at human µ-receptors was also
evaluated.

Design
All derivatives were subjected to conformational

analysis by molecular mechanics calculations to address
the question of geometrical similarities between the
designed structures and the natural fragment. Confor-
mational searches were performed using the AMBER
force field51 as implemented in the MacroModel program
(version 4.5).52 The calculations were performed on the
N-acetylated and C-terminally methyl-amidated (Ac-
Phe-Gly-NHMe) derivatives to better simulate the Phe-
Gly moiety within a peptide chain. Two tautomers of
the 1,2,4-triazole derivatives were used for further
calculations and comparisons [3a(1H), 3a(2H) and
6a(1H), 6a(2H)].53 Low-energy conformations (∆Es e 20
kJ/mol) of all derivatives were identified and imported

into the Sybyl program (version 6.1)54 for further
analysis. Only 12 unique conformers were found by the
conformational search of Ac-Phe-Gly-NHMe. Among
these we identified three stretched conformations (maxi-
mum distance between terminal ends), two â-turn
conformations, four conformations with a γ-turn in the
Gly part, and one conformation with a γ-turn in the Phe
part. The latter conformation was highest in energy. The
stretched conformations were among the low-energy
conformations, whereas the â-turn conformations were
higher in energy.

To study the geometrical similarities, all individual
low-energy conformations of each mimetic were super-
imposed on the 12 low-energy conformations of Ac-Phe-
Gly-NHMe. In total six atoms were fitted, the amide
oxygen and nitrogen atoms of the dipeptide and the
corresponding atoms in the mimetics. Thus, the 12
conformations of Ac-Phe-Gly-NHMe were superimposed
on 48 conformations each of 1a and 2a, 36 conformations
of 3a(1H), 38 conformations of 3a(2H), 116 conforma-
tions of 4a, 74 conformations of 5a, 72 conformations
of 6a(1H), and 108 conformations of 6a(2H). An SPL
algorithm was developed to efficiently handle the ex-
tensive amount of data collected. This algorithm allowed
an evaluation of the quality of the individual fits by
calculating the rms value multiplied with the excess
volume of the fit. The excess volume was obtained by
subtracting the van der Waals volume of the Phe-Gly
conformation from the combined van der Waals volume
of both fitted molecules. Comparisons of fits to one
stretched and one â-turn low-energy conformation of Ac-
Phe-Gly-NHMe, to which the peptidomimetics have
energetically ‘allowed’ conformations with close resem-
blance (good fits), are shown in Figure 1. The geometric
comparisons of 1a-3a with Ac-Phe-Gly-NHMe in the
stretched conformation show good fits (Figure 1A), but
the same comparisons with the turn conformation are
less attractive (Figure 1C). The geometric comparison
using the mimetics containing a methylene spacer (4a-
6a) produce considerably better fits with the turn

Chart 1. Structures of the Phe-Gly Mimetics
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conformation of Ac-Phe-Gly-NHMe (Figure 1D) com-
pared to the stretched conformation (Figure 1B), dem-
onstrating that the additional conformational flexibility
inherent in these mimetics can improve the similarity
of certain geometric properties.

Not only geometrical and conformational similarities
but also the electrostatical properties should be taken
into account when considering structural comparisons.
Therefore, the conformations used in the fits were
imported into the Spartan program (version 4.0),55 and
electrostatic potentials were calculated from AM1 atomic
charges.56 In Figures 2 and 3 the electron density
surfaces of the compounds are displayed and color-coded
according to magnitude. The results obtained for Ac-
Phe-Gly-NHMe and 4a (Figure 3) were compared with
ab initio calculations using the 6-31G* basis set.57 The
energy density surfaces obtained by both levels of
calculations were in good agreement (data not shown)
thereby providing support for the use of the less time-
consuming semiempirical calculations. None of the
mimetics perfectly matched the electrostatic properties
of the parent dipeptide. However, the oxadiazole deriva-
tives seem to be better mimetics of Ac-Phe-Gly-NHMe
than the triazole derivatives in terms of electrostatics,
the 1,3,4-oxadiazoles being the best in both series of
mimetics.

Chemistry

Synthesis. The syntheses and determination of the
enantiopurities of 1b-3b (Scheme 1) have been reported
previously.16 Herein, we have prepared a similar series

of heterocyclic Phe-Gly mimetics with a methylene
spacer between the carbonyl group and the ring system
(4b, 5c, and 6b).

The 1,3,4-oxadiazoles17-20 were obtained by dehydra-
tion of the appropriate diacylhydrazines (Scheme 2).58-60

Diacylhydrazine 7, derived from Boc-L-phenylalanine
hydrazide16 and methyl malonyl chloride, was treated
with thionyl chloride and pyridine to afford a 1,2,3,4-
oxathiadiazole S-oxide intermediate.61 By heating the
crude intermediate, sulfur dioxide was eliminated, and
4b was formed (Scheme 2). The low yield of 4b (31%) is
probably due to difficulties in achieving sufficiently dry
conditions in the formation of the intermediate.

The 1,2,4-oxadiazoles21-24 were derived from activated
carboxylic acids and amidoximes (Scheme 3).62,63 The
use of Boc-amino acids as starting material required
mild reaction conditions during the cyclization due to
the acid-sensitive protecting group and the risk for
racemization.16,64 Thus, the symmetrical anhydride of
Boc-L-Phe was heated to reflux with 8 in pyridine16 to

Figure 1. Geometric comparisons of Ac-Phe-Gly-NHMe and the Phe-Gly mimetics 1a-3a in a stretched conformation (A) and
in a â-turn conformation (C) and the corresponding comparisons of Ac-Phe-Gly-NHMe and 4a-6a (B and D, respectively). Six
atoms were fitted in the comparisons: the amide oxygen and nitrogen atoms of the dipeptide and the corresponding atoms of the
mimetics. Ac-Phe-Gly-NHMe is shown in white, 1a and 4a in yellow, 2a and 5a in green, 3a(1H) and 6a(1H) in blue, and 3a(2H)
and 6a(2H) in red.

Scheme 1a

a (a) 1 M aq KOH/EtOH.
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obtain 9 in 63% yield (Scheme 3). Desilylation of the
protected alcohol with tetrabutylammonium fluoride
(TBAF) in THF afforded racemic 10. However, addition
of glacial acetic acid prevented the racemization. Dry
conditions were used in the deprotection, and the pH of
the reaction mixture was carefully controlled to avoid
basic conditions. The alcohol 10 was oxidized to the
carboxylic acid 5c by Jones’ reagent.

The 1,2,4-triazoles25-27 were formed by thermal de-
hydration of suitable acylamidrazones (Scheme 4). The

acylamidrazone 11 was obtained by reacting Boc-L-
phenylalanine hydrazide with ethyl â-amino-â-ethoxy-
acrylate.65 Heating of the crude 11 at 155 °C afforded
the 1,2,4-triazole derivative 6b in 57% yield (over two
steps) (Scheme 4).

Determination of the Enantiomeric Excess. The
enantiopurities of 6b and 10 were determined by
analyses on chiral stationary phases using a straight

Figure 2. Comparisons of electron density surfaces of Ac-Phe-Gly-NHMe and 1a-3a in stretched conformations (see Figure
1A), displayed and color-coded according to magnitude. Four different orientations are shown, to allow for accurate comparisons
(rotation in 90° increments around the x-axis). Red areas represent potentials ranging from -40 to -20 kcal/mol, purple areas
represent potentials ranging from -20 to +20 kcal/mol, and blue areas represent potentials ranging from +20 to +40 kcal/mol.

Scheme 2a

a (a) ClCOCH2COOMe, Et3N, THF, -30 °C to rt; (b) (i) SOCl2/
pyridine, THF, 0 °C, (ii) toluene, 4; (c) (i) 1 M aq KOH/MeOH, (ii)
H+.

Scheme 3a

a (a) TBDPSOCH2CH2C(NOH)NH2 (8), pyridine, 4; (b) tetra-
butylammonium fluoride (1 M in THF), HOAc, THF, rt; (c) Jones’
reagent (0.67 M), acetone, 0 °C.

4334 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 21 Borg et al.



phase HPLC system (Table 1).16 It was not possible to
analyze the enantiomeric purity of the free carboxylic
acid 5c on the stationary phases used (Chiralcel OD-H
and Chiralpak AD). Instead, we determined the enan-
tiopurity of the precursor 10 (>95% ee).66 Racemic 10
was available (see above), thus allowing a strict deter-
mination of the % ee. Racemic 6b was obtained by using

Boc-D,L-phenylalanine hydrazide as starting material.
Hence, the retention times for both enantiomers could
be determined. The % ee of 6b was >95%.66 The % ee
of 4b could not be established since no reproducible
chromatograms could be obtained.

Synthesis of Pseudopeptides. The six Phe-Gly
mimetics were used as building blocks in the solid-phase
peptide syntheses (SPPS)67 of the SP and dermorphin
pseudopeptides. The syntheses were performed manu-
ally in plastic syringes in ca. 50-µmol scale on p-
methylbenzhydrylamine (MBHA) resins.

Derivatives 1b-4b and 6b were hydrolyzed before
being coupled to the resin-bound peptide. The crude
acids, 2c, 4c, and 6c, were used in the coupling
reactions, but the carboxylic acids of 1b and 3b were
not possible to isolate as they decarboxylated during the
workup of the reaction mixture. However, the carboxy-
lates 1c and 3c were stable and could be successfully
coupled to the peptide. The acid 2c decarboxylated
somewhat slower than the acids derived from 1b and
3b but could not be stored and had to be used in the
coupling reaction immediately after isolation. It is well-
known that 1,2,4-oxadiazole 3-acids,68 1,3,4-oxadiazole
acids,69-71 and 1,2,4-triazole 3-acids,72,73 as well as other
heteroaromatic acids,74,75 are readily decarboxylated.

To synthesize pseudopeptides 1d-6d, 1e-3e, 5e, and

Figure 3. Comparisons of electron density surfaces of Ac-Phe-Gly-NHMe and 4a-6a in â-turn conformations as shown in Figure
1D, displayed and color-coded according to magnitude (see legend to Figure 2 for color coding).

Scheme 4a

a (a) EtOC(NH)CH2COOEt‚HCl, Et3N, THF, rt; (b) xylenes, 4;
(c) (i) 1 M aq KOH/EtOH, (ii) H+.
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6e, couplings of the Phe-Gly mimetics to the resin-bound
peptides were performed by using various coupling
strategies. Compounds 3c, 4c, and 6c were coupled to
the dermorphin peptide-resin using HBTU/HOBt/DI-
PEA as coupling reagents, whereas 1c, 2c, and 5c were
activated as mixed anhydrides by treatment with ethyl
chloroformate/Et3N. Compounds 1c-3c and 6c were
coupled to the SP peptide-resin using the same condi-
tions as above. We failed to couple enantiopure L-5c
using these conditions or by using HATU/HOAt/DIPEA
or PyBrOP/NMM as coupling reagents. However, in-
corporation of racemic 5c into SP by automated SPPS
using HBTU/HOBt/DIPEA was successful. The epimers
of the resulting 5e (5eR and 5eâ) were separated by
preparative reversed-phase HPLC (Table 2). We failed
to synthesize the pseudopeptide 4e. Introduction of 4e
in the peptide chain using either HBTU/HOBt/DIPEA
or PyBrOP/NMM as coupling reagents was unsuccess-
ful.

Boc-protecting groups are generally removed from NR

of the amino acid residues by treatment with TFA.
However, since we had found that deprotection of Boc-
protected 1,2,4-oxadiazole derivatives using TFA results

in racemization,76 deprotection with iodotrimethylsilane
(TMSI)77,78 was used for the resin-bound 1,2,4-oxadia-
zole-based Phe-Gly mimetics. TMSI was also used to
deprotect the 1,3,4-oxadiazole- and 1,2,4-triazole-based
mimetics.

The pseudopeptides were cleaved from the resins and
purified by preparative reversed-phase HPLC on a C-18
column. An exception was 3d which was purified on an
IMAC column79 in order to facilitate the separation of
the pseudopeptide from shorter peptide fragments. The
pseudopeptides were characterized by HPLC analysis,
plasma desorption mass spectrometry, and amino acid
analysis (Table 2).

Biological Results and Discussion
NK1 Receptor Binding. The affinities of the SP

pseudopeptides (1e-3e, 5e, and 6e) for the rat NK1
receptor were determined in displacement screening
experiments using the radioligand 3,4-[3H]-(L-Pro2)SP.
All pseudopeptides displayed considerably lower affini-
ties to the rat NK1 receptor than SP itself (IC50SP ) 1.5
( 0.2 nM). IC50 values were >1000 nM for all pseudopep-
tides except 5eR. Compound 5eR was subjected to more

Table 1. Physical Data of Compounds 4b, 5c, 6b, and 10

compd yield (%) mp (°C) [R]D (deg) tR (min)a % ee formulab

4b 31 59.5-61c -31.5d NDe NDe C18H23N3O5‚1/4H2O
5c 64 163.5-164.5f -23.5g NDe NDe C17H21N3O5

h

6b 57i 106.5-107c -24.2d 22.1/13.8j >95 C19H26N4O4‚1/4H2O
10 75 84-84.5c -20.8k 30.9/26.4l >95 C17H23N3O4

a Retention times for both enantiomers given as L/D. b Except when noted, the compounds gave elemental analyses for C, H, and N
within 0.4% of the theoretical values. c Recrystallized in Et2O/pentane. d c 1.0, CHCl3. e Not determined. f Recrystallized in CHCl3. g c
1.1, CHCl3. h C: calcd, 58.78; found, 58.30. i Yield calculated from Boc-L-Phe. j Analysis run on a Chiralpak AD column at 30 °C: mobile
phase, hexane/2-propanol/Et2NH (80:20:0.1); flow rate, 0.5 mL/min; detection wavelength, 225 nm. k c 0.9, CHCl3. l Analysis run on a
Chiralcel OD-H column at ambient temperature: mobile phase, hexane/2-propanol/Et2NH (90:10:0.1); flow rate, 0.5 mL/min; detection
wavelength: 211 nm.

Table 2. Characterization of the Synthesized Pseudopeptides

compd MS (MW) [M+ + H] tR (min) amino acid analysis

dermorphin Tyr 1.92 (2); Ala 0.98 (1); Phe 0.96 (1); Gly 1.00 (1); Pro 0.93 (1); Ser 0.99 (1)a

1d 814.8 22.0b,c Tyr 1.98; Ala 0.99; Phe 1.00; Gly (NA);d Pro 1.02; Ser 1.00
(813.8)

2d 815.5 22.7b,c Tyr 1.98; Ala 1.00; Phe 0.67; Gly (NA); Pro 1.00; Ser 1.00
(813.8)

3d 815.3 20.6b,c Tyr 2.02; Ala 1.00; Phe (NA); Gly (NA); Pro 0.98; Ser 1.00
(812.8)

4d 828.4 34.0e,f Tyr 2.00; Ala 1.01; Phe 0.96; Gly (NA); Pro 1.00; Ser 1.02
(827.8)

5d 828.8 21.0b,c Tyr 2.04; Ala 1.04; Phe 1.00; Gly (NA); Pro 1.00; Ser 0.99
(827.8)

6d 828.8 20.2b,c Tyr 1.97; Ala 0.97; Phe 0.07; Gly (NA); Pro 1.00; Ser 1.00
(826.9)

SP Arg 0.98 (1); Pro 1.83 (2); Lys 1.01 (1); Gln 1.95 (2); Phe 1.92 (2); Gly 1.00 (1);
Leu 0.98 (1); Met 0.79 (1)a

1e 1359.8 31.4c,g Arg 0.97; Pro 2.02; Lys 1.01; Gln 2.02; Phe 1.99; Gly (NA); Leu 1.00; Met 0.91
(1358.6)

2e 1361.3 32.6c,g Arg 0.98; Pro 2.01; Lys 1.02; Gln 2.01; Phe 1.86; Gly (NA); Leu 1.00; Met 0.94
(1358.6)

3e 1359.6 26.9c,h Arg 1.00; Pro 1.94; Lys 1.05; Gln 2.07; Phe 1.04; Gly (NA); Leu 1.06; Met 1.01
(1357.6)

5eR 1373.6 32.0c,i Arg 0.99; Pro 2.00; Lys 1.00; Gln 2.01; Phe 1.92; Gly (NA); Leu 1.01; Met 0.97
(1372.7)

5eâ 1373.2 33.0c,i Arg 0.98; Pro 1.97; Lys 0.99; Gln 2.04; Phe 1.91; Gly (NA); Leu 1.00; Met 0.99
(1372.7)

6e 1373.8 30.2f,j Arg 0.98; Pro 1.96; Lys 1.00; Gln 2.01; Phe 1.01; Gly (NA); Leu 1.00; Met 0.94
(1371.1)

a Theoretical equivalents of each amino acid in the natural peptide are given in parentheses. b 0-60% CH3CN/H2O/0.1%TFA, 1 mL/
min, 30 min. c Analyses run on a µBondapak C-18 column (Waters), 8 × 100 mm. d NA, not analyzed. e 15-60% CH3CN/H2O/0.1%TFA,
5 mL/min, 90 min. f Preparative HPLC run on a µBondapak C-18 column (Waters), 25 × 100 mm. g 5-65% CH3CN/H2O/0.1%TFA, 0.5
mL/min, 30 min. h 20-60% CH3CN/H2O/0.1%TFA, 0.5 mL/min, 30 min. i 0-60% CH3CN/H2O/0.1%TFA, 0.5 mL/min, 30 min. j 15-60%
CH3CN/H2O/0.1%TFA, 5 mL/min, 60 min.
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careful measurements, and its IC50 value was deter-
mined to be 307 ( 47 nM. This difference in affinity
observed between the epimeric pseudopeptides contain-
ing the 1,2,4-oxadiazole derivative 5 (5eR and 5eâ)
agrees with receptor binding data obtained with (D-
Phe8)SP, which is significantly less potent than SP.80

The incorporation of the heterocyclic mimetics in the
peptide sequence may affect the ability of the pseudopep-
tides to adopt a bioactive conformation. However, the
reduced affinity may also be related to the differences
in electrostatic properties between the mimetics and
natural peptides.

µ- and δ-Opioid Receptor Binding. Affinities of the
pseudopeptides 1d-6d for the rat µ-opioid receptors
were determined by displacement of the potent and
highly selective enkephalin-related radioligand [3H]-
DAMGO81,82 (Table 3). All dipeptide mimetics except 3
are excellent Phe-Gly replacements in dermorphin, since
the corresponding pseudopeptides displayed high af-
finities for the µ-receptor (IC50 ) 12-31 nM). Pseudopep-
tide 3d showed lower affinity (IC50 ) 490 ( 67 nM).
Preliminary screening experiments of δ-opioid receptor
affinities using the radioligand [3H]DPDPE83 indicated
that none of the pseudopeptides had any appreciable
affinity for the δ-receptor (IC50 > 500 nM). Hence, the
pseudopeptides appear to be µ-selective.

In preliminary experiments, three of the pseudopep-
tides (2d, 4d, and 5d) were evaluated as agonists at
human µ-receptors expressed in 293S-hMOR cells84 by
studying their ability to stimulate the binding of [35S]-
GTPγS to G-proteins coupled to µ-receptors.85,86 All
three peptides produced dose-dependent increases in
[35S]GTPγS binding. The pseudopeptides also produced
higher Emax values than morphine (Emax ) 53%) or
fentanyl (Emax ) 59%; DAMGO ) 100%)87 and can
therefore be considered as agonists. The potency rank-
ing was the same as the affinity ranking obtained from
the binding analysis. The EC50 value for 5d was 869
nM (n ) 2; 833, 906) as compared with 170 ( 42 nM
for DAMGO.

No strict affinity difference was observed between the
pseudopeptides containing the more conformationally
restricted Phe-Gly mimetics (1-3) and the more flexible
derivatives (4-6). Thus, the novel dermorphin pseudo-
peptides appear to be able to adopt an energetically
accessible bioactive conformation. In addition, the spa-
tial arrangement of the Tyr1 and Phe3 side chains does
not appear to have been negatively affected by the
introduction of heterocyclic moieties. The retained af-
finity of the pseudopeptides is noteworthy as the Phe3-
Gly4 structural element has been suggested to be of
critical importance for dermorphin activity (see above).

The results obtained also support the hypothesis that
Gly4NH is not required for µ-receptor activity.49

Concluding Remarks

The present study demonstrates that 1,2,4-oxadiazole,
1,3,4-oxadiazole, and 1,2,4-triazole derivatives with high
enantiopurities can be obtained from Boc-L-Phe and that
dipeptide mimetics based on these ring systems can be
used as building blocks in solid-phase syntheses of
dermorphin and SP pseudopeptides.

Insertion of the novel dipeptide mimetics into SP led
to a dramatic loss in affinity for the rat NK1 receptor,
the most potent pseudopeptide being 150-fold less potent
than SP in terms of NK1 receptor affinity. Hence, the
heterocyclic mimetics used herein are not useful as
mimics of Phe-Gly in SP. The reduction in affinity of
the pseudopeptides might be due to undesirable steric,
electrostatic, or other properties such as an inability to
adopt energetically favorable bioactive conformations.
However, during the design process, we used force-field
calculations to establish that the conformational prefer-
ences of the synthesized Phe-Gly mimetics were quite
similar to those of Phe-Gly. Therefore, it is more likely
that other (yet unidentified) properties of the Phe-Gly
mimetics are detrimental to the activity of the SP
pseudopeptides.

In contrast to the above, insertion of the dipeptide
mimetics into dermorphin led to potent and selective
pseudopeptidessthey had high affinities for µ-receptors
and low affinities for δ-receptors. Furthermore, prelimi-
nary experiments indicate that these µ-receptor ligands
are agonists. It has been demonstrated that the Phe-
Gly fragment is important for the activity of dermor-
phin. Hence, the successful replacement of Phe-Gly in
dermorphin is a demonstration of molecular mimicry.

It is apparent from the present study that the
mimicking ability of a dipeptide mimetic will vary from
peptide to peptide. This is a consequence of the inability
of a dipeptide replacement to mimic all inherent proper-
ties of the natural fragment.

Experimental Section
Biochemistry. 1. NK1 Receptor Binding. Membranes

were prepared from whole rat brain minus cerebellum. The
tissue was homogenized in 10 vol of 0.32 M sucrose in the cold.
The homogenate was centrifuged at 1000g for 10 min, and the
supernatant was saved and centrifuged at 18000g for 20 min
at 4 °C. The pellet was saved, thoroughly mixed with 4 vol of
distilled water, and incubated for 8 min at 25 °C to cause lysis.
The lysate was centrifuged at 10000g for 20 min at 4 °C, and
the supernatant with membranes was retained. The mem-
brane suspension was diluted with membrane buffer, 50 mM
Tris-HCl buffer, pH 7.4, at 25 °C. About 10 000 cpm of 3,4-
[3H]-(L-Pro2)SP in 75 µL of tracer buffer, 0.75 µg of membrane
protein in 100 µL of membrane buffer, and peptide competitor
in 25 µL of H2O were incubated at 25 °C for 30 min. The tracer
buffer was 70 mM Tris-HCl, 8.36 mM MnCl2, pH 7.4, 10.67
mg/mL bacitracin, 1.067 mg/mL phosphoramidon, 5.33 mg/mL
BSA. Incubations were terminated by filtration through What-
man GF-C membranes presoaked in 0.3% poly(ethylenimine)
solution for at least 3 h at 4 °C. Each assay included triplicates
of all samples with competitor and SP standard and triplicates
of two controls. The experiment was repeated three times, and
mean values ( SEM are given.

2. µ- and δ-Opioid Receptor Binding. Membranes were
prepared according to methods described above. The radio-
ligand [3H]DAMGO81,82 was used in the µ-receptor binding
assay and [3H]DPDPE83 in the δ-receptor assay. In the

Table 3. µ-Opioid Receptor Affinities for the Dermorphin
Pseudopeptides

ligand [3H]DAMGO, IC50 (nM)a

DAMGO 3.5 ( 0.6
dermorphin 6.2 ( 1.5
1d 20 ( 9
2d 17 ( 5
3d 490 ( 67
4d 31 ( 4
5d 12 ( 1
6d 21 ( 2

a The IC50 values are given as the mean ( SEM.
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µ-receptor binding assay, unlabeled DAMGO was used as
standard, in the δ-receptor binding assay, Met-enkephalin.
Other conditions were the same as for the NK1 receptor
binding.

3. Agonist Binding. Membranes were prepared from HEK-
293S cells that had been subjected to stable transfection of
the cloned human µ-opioid receptor (293S-hMOR cells).84 The
[35S]GTPγS binding assay87 was modified from Lorenzen et
al.85 and Traynor and Nahorski.86 The data were fitted to a
sigmoidal curve, and best-fit values were calculated for the
Emax (maximal effect) and EC50 (concentration producing half-
maximal response). DAMGO was used as standard, and its
maximal effect was used to define a reference of 100%.

Molecular Modeling. The molecular modeling and molec-
ular mechanics calculations were performed on a Silicon
Graphics Indy workstation. The N-acetylated and C-terminally
amidated derivatives (Ac-Phe-Gly-NHMe, 1a-6a) were con-
structed in the program MacroModel (version 4.5)52 and
energy-minimized using the implemented AMBER force field.51

Low-energy conformations were identified by a random con-
formational search about all rotable bonds (1000 steps), since
this method can rapidly explore a large part of the conforma-
tional space.88 The lowest-energy conformation resulting from
that search was thereafter used as the starting conformation
of a more systematic search based on the SUMM method (5000
steps).89 Energy minimizations were performed using the
AMBER force field with a maximum of 50 iterations. Low-
energy conformations (∆Es < 20 kJ/mol) obtained by both
searches were combined and energy-minimized to an rms
gradient < 0.001 kJ/Å mol. Conformations were defined as
duplicates when the residuals from the least-squares atom-
by-atom superimposition were <0.25 Å for all non-hydrogen
atoms. The average number of duplicates was at least 50 for
each derivative.

Chemistry: General.16 Toluene was dried over sodium,
and dimethylformamide (DMF) was bubbled with N2 (g) and
then kept over molecular sieves (3 Å). The amino acid
analyses90 were performed at the Department of Biochemistry,
Biomedical Centre, Uppsala University, Uppsala, Sweden.
Ethyl 5-[(S)-1-(tert-butyloxycarbonylamino)-2-phenylethyl]-
1,3,4-oxadiazole-2-carboxylate (1b),16 ethyl 5-[(S)-1-(tert-buty-
loxycarbonylamino)-2-phenylethyl]-1,2,4-oxadiazole-3-carbox-
ylate (2b),16 ethyl 5-[(S)-1-(tert-butyloxycarbonylamino)-2-
phenylethyl]-1,2,4-triazole-3-carboxylate (3b),16 and ethyl
â-amino-â-ethoxyacrylate hydrochloride65 were prepared ac-
cording to known procedures. Data on elemental analyses,
optical rotations, and melting points of 4b, 5c, 6b, and 10 are
listed in Table 1.

Methyl 2-{5-[(S)-1-(tert-Butyloxycarbonylamino)-2-
phenylethyl]-1,3,4-oxadiazol-2-yl}acetate (4b). The reac-
tion was carried out in dry THF under nitrogen atmosphere.
SOCl2 (63 µL, 0.87 mmol) was added to a chilled (0 °C) solution
of 7 (253 mg, 0.67 mmol) and pyridine (140 µL, 1.7 mmol) in
THF. The mixture was stirred at 0 °C for 2 h. The resulting
salt was filtered off and the filtrate was concentrated in vacuo.
The residue was redissolved in toluene and heated to reflux
for 1.5 h. The reaction was monitored by TLC (Et2O/pentane,
9:1). The solvent was evaporated and the residue was purified
by column chromatography (Et2O/pentane, 2:1) affording 74
mg (31%) of pure 4b: 1H NMR (CDCl3) δ 7.27-7.08 (m, 5H),
5.27 (m, 1H), 5.18 (m, 1H), 3.93 (s, 2H), 3.75 (s, 3H), 3.32-
3.15 (AB-system, 2H), 1.40 (s, 9H); 13C NMR (CDCl3) δ 167.10,
166.45, 160.56, 154.72, 135.09, 129.29, 128.59, 127.13, 80.40,
52.83, 48.28, 39.66, 31.54, 28.14.

2-{5-[(S)-1-(tert-Butyloxycarbonylamino)-2-phenyleth-
yl]-1,2,4-oxadiazol-3-yl}acetic Acid (5c). Jones’ reagent
(457 µL, 0.31 mmol, 0.67 M) was added to a chilled solution (0
°C) of 10 (51 mg, 0.15 mmol) in acetone. The reaction was
monitored by TLC (Et2O). After 12 h the mixture was filtered
and the solvent evaporated. The residue was dissolved in Et2O
and extracted with saturated aqueous NaHCO3. The aqueous
phase was acidified with 1 M aqueous HCl and then extracted
with Et2O. The organic layer was dried (MgSO4), filtered, and
concentrated affording 34 mg (64%) of pure 5c: 1H NMR

(acetone-d6) δ 7.25-7.15 (m, 5H), 6.70 (br d, 1H), 5.22-5.10
(m, 1H), 3.78 (s, 2H), 3.29 (dd, J ) -13.7 Hz, J ) 6 Hz, 1H),
3.16 (dd, J ) 9.2 Hz, 1H), 1.28 (s, 9H); 13C NMR (acetone-d6)
δ 181.05, 169.40, 166.26, 156.23, 137.81, 130.48, 129.4, 127.89,
80.02, 50.82, 39.83, 32.64, 28.69.

Ethyl 2-{5-[(S)-1-(tert-Butyloxycarbonylamino)-2-
phenylethyl]-1,2,4-triazol-3-yl}acetate (6b). Crude 11 was
heated in xylenes in a silicon oil bath at 155 °C. The reaction
was monitored by TLC (EtOAc/pentane, 3:2). After 30 min the
solvent was evaporated. Purification of the residue by column
chromatography [(i) EtOAc/pentane, 2:3, (ii) EtOAc/pentane,
1:1] afforded 110 mg (57%, over two steps) of pure 6b: 1H NMR
(CDCl3) δ 12.6 (br, 1H), 7.95-7.00 (m, 5H), 5.78 (br s, 1H),
5.13 (m, 1H), 4.20 (q, J ) 7.2 Hz, 2H), 3.85 (s, 2H), 3.28-3.07
(m, 2H), 1.34 (s, 9H), 1.27 (t, 3H); 13C NMR (CDCl3) δ 169.24,
C-3 and C-5 not visible, 155.51, 136.73, 129.36, 128.28, 126.60,
79.91, 61.55, 49.54, 40.45, 33.48, 28.23, 14.04.

1-(Methoxycarbonylacetyl)-2-[(S)-2-(tert-butyloxycar-
bonylamino)-3-phenylpropanoyl]hydrazine (7). The reac-
tion was carried out in dry THF under nitrogen atmosphere.
Methyl malonyl chloride (248 µL, 2.3 mmol) was added to a
chilled solution (-30 °C) of Boc-L-phenylalanine hydrazide16

(433 mg, 1.6 mmol) and N-methylmorpholine (NMM) (255 µL,
2.3 mmol) in THF. The mixture was stirred for 4 h while the
temperature was gradually increased to room temperature and
then kept at ambient temperature. The reaction was monitored
by TLC (EtOAc). The salt formed was filtered off and the
filtrate was concentrated. The residue was partitioned between
EtOAc and water. The organic layer was extracted with
saturated aqueous NaHCO3, 10% aqueous citric acid, and
brine, dried with MgSO4, filtered, and concentrated. The
residue was purified by column chromatography (EtOAc/
pentane, 2:1) affording 340 mg (58%) of pure 7: mp 158-159
°C; [R]D -10.0° (c 1.0, CHCl3); 1H NMR (CDCl3) δ 10.21 (br s,
1H), 10.05 (br s, 1H), 7.27-7.15 (m, 5H), 5.78 (d, 1H), 4.79
(m, 1H), 3.74 (s, 3H), 3.44 (s, 2H), 3.18-2.90 (AB-system, 2H),
1.34 (s, 9H); 13C NMR (CDCl3) δ 168.24, 168.01, 161.49, 155.58,
136.46, 129.41, 128.39, 126.75, 80.05, 53.82, 52.60, 39.93,
38.56, 28.28. Anal. Calcd for C18H25N3O6: C, 57.0; H, 6.6; N,
11.1. Found: C, 56.8; H, 6.6; N, 10.9.

3-(tert-Butyldiphenylsilyloxy)propanamide Oxime (8).
(a) Preparation of 3-(tert-Butyldiphenylsilyloxy)propi-
onitrile.91 The reaction was carried out in dry THF under
nitrogen atmosphere. tert-Butyldiphenylchlorosilane (18.5 mL,
73 mmol) was added to a solution of 3-hydroxypropionitrile
(2.46 mL, 36 mmol), Et3N (12.7 mL, 91 mmol), and (dimethyl-
amino)pyridine (DMAP) (178 mg, 1.5 mmol) in THF. The
reaction mixture was stirred at room temperature for 3.5 h.
The solvent was evaporated. The residue was dissolved in CH2-
Cl2 and extracted with saturated aqueous NaHCO3, saturated
aqueous citric acid, and brine. The organic layer was dried
with MgSO4, filtered, and concentrated. The residue was
purified by column chromatography (CH2Cl2/pentane, 2:3)
affording 8.6 g (76%) of pure 3-(tert-butyldiphenylsilyloxy)-
propionitrile: mp 50-51 °C (CH2Cl2/pentane); 1H NMR (CDCl3)
δ 7.70-7.35 (m, 10H), 3.84 (t, J ) 6.3 Hz, 2H), 2.53 (t, 2H),
1.08 (s, 9H); 13C NMR (CDCl3) δ 135.49, 132.67, 129.86, 127.82,
117.89, 59.02, 26.66, 21.41, 19.12. Anal. Calcd for C19H23-
NOSi: C, 73.7; H, 7.5; N, 4.5. Found: C, 73.6; H, 7.6; N, 4.4.

(b) A solution of hydroxylamine hydrochloride (3.8 g, 55
mmol) and K2CO3 (3.8 g, 27 mmol) in water was added to
3-(tert-butyldiphenylsilyloxy)propionitrile (8.5 g, 27 mmol)
dissolved in EtOH. The mixture was stirred at room temper-
ature for 23 h. The solvent was evaporated and the residue
was redissolved in Et2O. The mixture was filtered and the
filtrate was dried with Na2SO4. After filtration the solvent was
evaporated. Crystallization of the residue (Et2O/pentane)
afforded 5.4 g (57%) of pure 8: mp 83-84 °C; 1H NMR (CDCl3)
δ 7.70-7.25 (m, 10H), 5.04 (br s, 2H), 3.88 (t, J ) 5.6 Hz, 2H),
2.37 (t, 2H), 1.06 (s, 9H); 13C NMR (CDCl3) δ 153.88, 135.51,
132.90, 129.98, 127.86, 62.42, 33.61, 26.82, 19.06. Anal. Calcd
for C19H26N2O2Si: C, 66.6; H, 7.6; N, 8.2. Found: C, 66.8; H,
7.8; N, 8.0.

5-[(S)-1-(tert-Butyloxycarbonylamino)-2-phenylethyl]-
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3-[2-(tert-butyldiphenylsilyloxy)ethyl]-1,2,4-oxadiazole (9).
The symmetrical anhydride was generated by addition of N,N′-
dicyclohexylcarbodiimide (DCC) (558 mg, 2.7 mmol) to a
solution of Boc-L-phenylalanine (1.43 g, 5.4 mmol) in dry CH2-
Cl2. The mixture was stirred at 0 °C for 1 h. The resulting
N,N′-dicyclohexylurea (DCU) was filtered off and the filtrate
was concentrated. The residue was redissolved in pyridine and
a solution of 8 (926 mg, 2.7 mmol) in pyridine was added
dropwise. The mixture was heated to reflux for 3 h and the
reaction was monitored by TLC (EtOAc). The solvent was
evaporated, and the residue was dissolved in Et2O and
extracted with water, 10% aqueous citric acid, and saturated
aqueous NaHCO3. The organic layer was dried (MgSO4),
filtered, and concentrated. The residue was purified by column
chromatography (CH2Cl2/pentane, 4:1) affording 940 mg (63%)
of pure 9 as an oil: [R]D -9.4° (c 1.2, CHCl3); 1H NMR (CDCl3)
δ 7.65-7.00 (m, 15H), 5.29 (m, 1H), 5.06 (m, 1H), 4.00 (t, J )
5.4 Hz, 2H), 3.29-3.08 (m, 2H), 2.96 (t, 2H), 1.40 (s, 9H), 1.01
(s, 9H); 13C NMR (CDCl3) δ 178.29, 168.16, 154.68, 135.52,
135.04, 133.39, 129.68, 129.25, 128.62, 127.69, 127.22, 80.43,
60.81, 49.26, 39.98, 29.51, 28.20, 26.70, 19.14. Anal. Calcd for
C33H41N3O4Si: C, 69.3; H, 7.2; N, 7.3. Found: C, 69.2; H, 7.4;
N, 7.4.

5-[(S)-1-(tert-Butyloxycarbonylamino)-2-phenylethyl]-
3-(2-hydroxyethyl)-1,2,4-oxadiazole (10). The reaction was
carried out in dry THF under nitrogen atmosphere. A mixture
of tetrabutylammonium fluoride (800 µL, 0.80 mmol, 1 M
solution in THF) and 30 µL of acetic acid in THF was added
to a solution of 9 (281 mg, 0.49 mmol) in THF. The reaction
was monitored by TLC (Et2O). After stirring at room temper-
ature for 2 h the solvent was evaporated. The residue was
redissolved in Et2O and extracted with 10% aqueous citric acid,
saturated aqueous NaHCO3, and brine. The organic layer was
dried (MgSO4), filtered, and concentrated. The residue was
purified by column chromatography [(i) Et2O/pentane, 1:2, (ii)
Et2O] affording 123 mg (75%) of pure 10: 1H NMR (CDCl3) δ
7.30-7.00 (m, 5H), 5.3 (br, 1H), 5.1 (br, 1H), 3.95 (t, J ) 5.9
Hz, 2H), 3.31-3.14 (m, 2H), 2.96 (t, 2H), 2.30 (t, 1H), 1.41 (s,
9H); 13C NMR (CDCl3) δ 178.78, 168.48, 154.89, 135.04, 129.23,
128.71, 127.35, 80.61, 59.42, 49.36, 39.80, 29.20, 28.21.

1-(Ethoxycarbonylacetimidyl-2-[(S)-2-(tert-butyloxy-
carbonylamino)-3-phenylpropanoyl]hydrazine (11). Boc-
L-Phenylalanine hydrazide16 (143 mg, 0.51 mmol) dissolved in
EtOH was added to a solution of ethyl â-amino-â-ethoxyacry-
late hydrochloride (100 mg, 0.51 mmol) and Et3N (71 µL, 0.51
mmol) in EtOH.92 The mixture was stirred at room tempera-
ture for 12 h. The product precipitated after addition of water
and cooling. The solids were filtered off and the crude product
was used in the ring closure reaction without further purifica-
tion.

General Peptide Synthesis. The pseudopeptides were
prepared using NR-tert-butyloxycarbonyl (Boc)-protected amino
acid derivatives on an MBHA (p-methylbenzhydrylamine)
resin. If needed, the functional groups in the side chains were
protected with appropriate groups: the Nγ in Arg with a
p-toluenesulfonyl group (Tos), Lys with a p-chlorobenzyloxy-
carbonyl (Cl-Z) group, and the Tyr and Ser with a benzyl group
(Bn). The coupling reactions were carried out at room tem-
perature in a 5-mL disposable syringe with a porous polyeth-
ylene disk as a filter (ca. 50-µm pore size). A stainless steel
needle was attached to the syringe. The syringe was rotated
in a carousel during the deprotection and coupling reactions.

1. Coupling and Deprotection Procedures for the
Amino Acids. The Met-Leu-MBHA and Tyr(Bn)-Pro-Ser(Bn)-
MBHA resins were prepared in advance to be used in the
syntheses of the SP and dermorphin pseudopeptides, respec-
tively. The reaction cycle for coupling of amino acids to the
resin-bound peptide chain and deprotection of the N-terminal
amino acid was as follows: The Boc-protecting group of the
N-terminal of the resin-bound peptide sequence was removed
with concd TFA (8 min). The peptide-resin was washed with
DMF (4 × 1 min + 2 × 3 min) and then neutralized with 3
equiv of N,N-diisopropylethylamine (DIPEA) in DMF for 10
min. A solution of 3 equiv of the Boc-amino acid, 3 equiv of

1-hydroxybenzotriazole hydrate (HOBt), 3 equiv of O-(benzo-
triazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophos-
phate (HBTU), or O-(benzotriazol-1-yl)-N,N,N′,N′-tetrameth-
yluronium tetrafluoroborate (TBTU), and 6 equiv of DIPEA
in DMF was added to the neutralized peptide-resin. The
coupling reaction was run for 30 min while rotating the
syringe. The peptide-resin was washed with DMF (4 × 1 min
+ 2 × 3 min).

2. Deprotection Procedures for the Phe-Gly Ana-
logues. Deprotection of NR of the Phe-Gly mimetics was
accomplished by addition of a solution of 2 equiv of TMSI in
CH2Cl2 and rotating the syringe for 20 min. After removal of
the soluble material, 50 µL of MeOH in CH2Cl2 was added and
the syringe was rotated for an additional 10 min.

3. Cleavage of the Peptide from the Resin. Thioanisole
(100 µL) and 1,2-ethanediol (50 µL) were added to the resin.
The mixture was stirred at room temperature for 10 min,
before TFA (1 mL) was added. After 10 min, trifluoromethane-
sulfonic acid (TFMSA) (100 µL) was added and the mixture
was stirred for an additional 2 h. Cold ether was added to the
filtrate, and the precipitated peptide and the resin were filtered
off. The peptide was dissolved in TFA and filtered, leaving the
resin on the frit. Cold ether was added to the filtrate, and the
precipitated peptide was filtered off. The crude pseudopeptides
(10-40 mg) were purified using preparative reversed-phase
HPLC. The fractions containing the pseudopeptide were pooled
and freeze-dried providing 1-8 mg of pure product. The
pseudopeptides were analyzed by reversed-phase HPLC, plasma
desorption mass spectrometry, and amino acid analysis90

(Table 2). Amino acid analyses of the pseudopeptides contain-
ing the oxadiazole-based mimetics resulted in the formation
of a fragment analyzed as phenylalanine. However, the 1,2,4-
triazole ring system did not seem to be affected by the
conditions used during the hydrolysis.

H-Tyr-D-Ala-{5-[(S)-1-amino-2-phenylethyl]-1,3,4-oxa-
diazol-2-ylcarbonyl}-Tyr-Pro-Ser-NH2 (1d). A Tyr(Bn)-Pro-
Ser(Bn)-MBHA resin (50 µmol) was used. Compound 1b (52
mg, 144 µmol) was hydrolyzed in EtOH with 1 M aqueous
KOH (158 µL) for 30 min at room temperature. The mixture
was concentrated and the residue was carefully dried. The
crude carboxylate (1c) was dissolved in dry CH2Cl2/DMF
(4:1). Half of the volume was chilled to -10 °C and treated
with NMM (9.5 µL, 86 µmol) and ethyl chloroformate (8.3 µL,
86 µmol). The mixture was stirred at -10 °C for 30 min and
then drawn up into the syringe. The coupling was run at room
temperature for 2 h. The procedure was repeated with the
remaining 1c. The deprotection of NR of the Phe-Gly residue
with TMSI and the remaining coupling and deprotection steps
were performed as described above. Peptide content: 653 µg/
mg.

H-Tyr-D-Ala-{5-[(S)-1-amino-2-phenylethyl]-1,2,4-oxa-
diazol-3-ylcarbonyl}-Tyr-Pro-Ser-NH2 (2d). A Tyr(Bn)-Pro-
Ser(Bn)-MBHA resin (50 µmol) was used. Compound 2b (54.0
mg, 150 µmol) was hydrolyzed in EtOH with aqueous 1 M
KOH (165 µL) for 20 min at room temperature. The mixture
was concentrated and redissolved in MeOH. Half of the volume
was treated with H+ ion-exchange resin (Dowex 50 W × 8),
filtered, and concentrated. The residue was redissolved in
Et2O, dried (MgSO4), filtered, and concentrated. The crude acid
(2c) was dissolved in CH2Cl2/DMF (4:1). The solution was
chilled to -10 °C and treated with NMM (12.4 µL, 112 µmol)
and ethyl chloroformate (11.0 µL, 112 µmol). The mixture was
stirred at -10 °C for 30 min. The reaction mixture was drawn
up into the syringe and the coupling reaction was run at room
temperature for 2 h. The procedure was repeated with the
remaining volume of the MeOH solution from the hydrolysis.
The deprotection of NR of the Phe-Gly residue with TMSI and
the remaining coupling and deprotection steps were performed
as described above. Peptide content: 729 µg/mg.

H-Tyr-D-Ala-{5-[(S)-1-amino-2-phenylethyl]-1,2,4-tria-
zol-3-ylcarbonyl}-Tyr-Pro-Ser-NH2 (3d). A Tyr(Bn)-Pro-
Ser(Bn)-MBHA resin (50 µmol) was used. Compound 3b (35.7
mg, 99 µmol) was hydrolyzed in EtOH with 1 M aqueous KOH
(218 µL) for 14 h at 65 °C. The mixture was concentrated and
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the residue was carefully dried. HBTU (22.8 mg, 60 µmol),
HOBt (8.1 mg, 60 µmol), and DIPEA (60 µL, 345 µmol) were
added to a solution of the crude 3c in DMF and the mixture
was drawn up into the syringe. The coupling was run for 3 h.
The deprotection of NR of the Phe-Gly residue with TMSI and
the remaining coupling and deprotection steps were performed
as described above. Peptide content: 220 µg/mg.

H-Tyr-D-Ala-{2-[5-((S)-1-amino-2-phenylethyl)-1,3,4-
oxadiazol-2-yl]acetyl}-Tyr-Pro-Ser-NH2 (4d). A Tyr(Bn)-
Pro-Ser(Bn)-MBHA resin (50 µmol) was used. Compound 4b
(72 mg, 199 µmol) was hydrolyzed in MeOH with 1 M aqueous
KOH (258 µL) for 3 h at room temperature. The solvent was
evaporated and the residue was partitioned between Et2O and
water. The Et2O layer was extracted with saturated aqueous
NaHCO3. The NaHCO3 phase was acidified with 1 M aqueous
HCl and extracted with Et2O. The Et2O layer was dried
(MgSO4), filtered, and concentrated to afford the crude acid
4c. HBTU (21.8 mg, 57.6 µmol), HOBt (7.8 mg, 57.6 µmol),
and DIPEA (60 µL, 345 µmol) were added to 20 mg of 4c in
DMF. The mixture was drawn up into the syringe and the
coupling was run for 4 h. The deprotection of NR of the Phe-
Gly residue with TMSI and the remaining coupling and
deprotection steps were performed as described above. Peptide
content: 1260 µg/mL.

H-Tyr-D-Ala-{2-[5-((S)-1-amino-2-phenylethyl)-1,2,4-
oxadiazol-3-yl]acetyl}-Tyr-Pro-Ser-NH2 (5d). A Tyr(Bn)-
Pro-Ser(Bn)-MBHA resin (60 µmol) was used. Ethyl chloro-
formate (8.6 µL, 90 µmol) was added to a chilled mixture (-10
°C) of 5c (21 mg, 60 µmol) and NMM (9.9 µL, 90 µmol) in CH2-
Cl2/DMF (4:1). The mixture was stirred at -10 °C for 30 min
and was drawn up into the syringe. The coupling was run at
room temperature for 2 h. The procedure was repeated with
another 22 mg of 5c. The deprotection of NR of the Phe-Gly
residue with TMSI and the remaining coupling and deprotec-
tion steps were performed as described above. Peptide con-
tent: 514 µg/mL.

H-Tyr-D-Ala-{2-[5-((S)-1-amino-2-phenylethyl)-1,2,4-tri-
azol-3-yl]acetyl}-Tyr-Pro-Ser-NH2 (6d). A Tyr(Bn)-Pro-Ser-
(Bn)-MBHA resin (50 µmol) was used. Compound 6b (66 mg,
176 µmol) was hydrolyzed in EtOH with 1 M aqueous KOH
(388 µL) for 5 h at room temperature. The mixture was
concentrated and the residue was carefully dried and redis-
solved in EtOH. The solution was treated with H+ ion-
exchange resin (Dowex 50 W × 8), filtered, and concentrated
affording crude 6c. HBTU (19 mg, 50 µmol), HOBt (6.8 mg,
50 µmol), and DIPEA (52 µL, 300 µmol) were added to 17.3
mg of the crude 6c in DMF. The mixture was drawn up into
the syringe and the coupling was run for 2 h. The procedure
was repeated with an additional 17.3 mg of 6c. The deprotec-
tion of NR of the Phe-Gly residue with TMSI and the remaining
coupling and deprotection steps were performed as described
above. Peptide content: 567 µg/mg.

H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-{5-[(S)-1-amino-2-
phenylethyl]-1,3,4-oxadiazol-2-ylcarbonyl}-Leu-Met-NH2
(1e). A Leu-Met-MBHA resin (41.5 µmol) was used. Compound
1b (60 mg, 166 µmol) was hydrolyzed in EtOH with 1 M
aqueous KOH (198 µL) for 30 min at room temperature. The
mixture was concentrated and the residue carefully dried by
repeated evaporation with benzene. The crude carboxylate (1c)
was dissolved in dry CH2Cl2/DMF (1:1). Half of the volume
was chilled to -10 °C and treated with NMM (10 µL, 91.3
µmol) and ethyl chloroformate (8.7 µL, 91.3 µmol). The mixture
was stirred at -10 °C for 25 min and then drawn up into the
syringe. The coupling reaction was run at room temperature
for 2 h. The procedure was repeated with the remaining 1c.
The deprotection of NR of the Phe-Gly residue with TMSI and
the remaining coupling and deprotection steps were performed
as described above. Peptide content: 691 µg/mg.

H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-{5-[(S)-1-amino-2-
phenylethyl]-1,2,4-oxadiazol-3-ylcarbonyl}-Leu-Met-NH2
(2e). A Leu-Met-MBHA resin (41.5 µmol) was used. Compound
2b (60 mg, 166 µmol) was hydrolyzed in EtOH with 1 M
aqueous KOH (198 µL) for 20 min at room temperature. The
mixture was concentrated and redissolved in MeOH. Half of

the volume was treated with H+ ion-exchange resin (Dowex
50 W × 8), filtered, and concentrated. The crude acid (2c) was
dissolved in dry THF. The solution was chilled to -5 °C and
treated with Et3N (16 µL, 166 µmol) and ethyl chloroformate
(23 µL, 166 µmol). The mixture was stirred at -5 °C for 30
min. The resulting triethylammonium chloride was filtered off
and the filtrate was concentrated. The residue was redissolved
in DMF and drawn up into the syringe. The coupling reaction
was run at room temperature for 2.5 h. The procedure was
repeated with the remaining volume of MeOH from the
hydrolysis. The deprotection of NR of the Phe-Gly residue with
TMSI and the remaining coupling and deprotection steps were
performed as described above. Peptide content: 472 µg/mL.

H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-{5-[(S)-1-amino-2-
phenylethyl]-1,2,4-triazol-3-ylcarbonyl}-Leu-Met-NH2 (3e).
A Leu-Met-MBHA resin (40.4 µmol) was used. Compound 3b
(50 mg, 139 µmol) was hydrolyzed in EtOH with 1 M aqueous
KOH (319 µL) for 14 h at 65 °C. The mixture was concentrated
and the residue carefully dried. HBTU (30.6 mg, 81 µmol),
HOBt (10.9 mg, 81 µmol), and DIPEA (42 µL, 242 µmol) were
added to 3c dissolved in DMF and the mixture was drawn up
into the syringe. The coupling reaction was run for 2 h. The
deprotection of NR of the Phe-Gly residue with TMSI and the
remaining coupling and deprotection steps were performed as
described above. Peptide content: 638 µg/mg.

H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-{2-[5-((S)-1-amino-2-
phenylethyl)-1,2,4-oxadiazol-3-yl]acetyl}-Leu-Met-NH2
(5e). The couplings of 5c to the Leu-Met-NH2 resin did not
succeed. However, in one successful experiment racemic 5c
was incorporated into SP by automated solid-phase synthesis
using HBTU/HOBt/DIPEA as coupling reagents. The epimers
were separated by preparative reversed-phase HPLC (Table
2). Peptide content: 5eR, 638 µg/mg; 5eâ, 645 µg/mg.

H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-{2-[5-((S)-1-amino-2-
phenylethyl)-1,2,4-triazol-3-yl]acetyl}-Leu-Met-NH2 (6e).
A Leu-Met-MBHA resin (40 µmol) was used. Compound 6b
(130 mg, 353 µmol) was hydrolyzed in EtOH with 1 M aqueous
KOH (778 µL) for 1.5 h at reflux. The mixture was concen-
trated and the residue was carefully dried and redissolved in
EtOH. The solution was treated with H+ ion-exchange resin
(Dowex 50 W × 8), filtered, and concentrated. HBTU (22.8 mg,
60 µmol), HOBt (8.1 mg, 60 µmol), and DIPEA (63 µL, 360
µmol) were added to 21 mg of 6c in DMF. The mixture was
drawn up into the syringe and the coupling reaction was run
for 2 h. The deprotection of NR of the Phe-Gly residue with
TMSI and the remaining coupling and deprotection steps were
performed as described above. Peptide content: 666 µg/mg.
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