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Introduction

The neurotensin system is involved in a variety of physiological
and pathophysiological processes that are mediated mainly via
the two G protein-coupled receptors (GPCRs) NTS1 and NTS2.[1]

Because the NTS1 subtype is primarily responsible for the reg-
ulation of the dopaminergic system,[2] selective ligands could
serve as interesting new targets for the treatment of schizo-
phrenia or Parkinson’s disease.[2–3] As an extension, the NTS2
receptor is responsible for m-opioid-independent anti-nocicep-
tive effects of neurotensin.[4] Thus, NTS2-selective agonists
could serve as well-tolerated therapeutic agents for the treat-
ment of neuropathic pain.

Recent progress in GPCR crystallography led to the elucida-
tion of the crystal structure of the neurotensin receptor NTS1
bound to NT(8–13) (H-Arg-Arg-Pro-Tyr-Ile-Leu-OH), the fully

active C-terminal hexapeptide of the tridecapeptide neuroten-
sin. ,[5, 6] Careful analysis of the receptor–ligand complex offers
invaluable insights into the binding mode of the peptide ago-
nist on a molecular level. The crystal structures facilitate a struc-
tural understanding on the importance of single residues of
NT(8–13) originally derived from experimental studies. Thus,
Tyr11 has been shown to be crucial for receptor binding, as
the replacement by alanine resulted in a 5400-fold reduction
of ligand affinity.[7] This effect can be explained by the crystal
structure indicating stabilization of Tyr11 by extensive van der
Waals interactions and hydrogen bonds (Figure 1 A,C). Besides
an attractive interaction of the backbone carbonyl unit with
Thr226 of extracellular loop 2 (EL2) and a water-mediated con-
tact to His348 in transmembrane helix 7, the side chain hydrox-
yl group of Tyr11 forms a hydrogen bond to the backbone car-
bonyl of the N-terminal residue Leu55 of NTS1, which partici-
pates in stabilizing a conformation of the N-terminus lining the
ligand binding pocket (Figure 1 A). An ionic interaction be-
tween His133 of extracellular loop 1 (EL1) and the N-terminal
residue Asp56 seems to conformationally restrict the N-termi-
nal region of NTS1, thereby forming a pre-organized subpocket
tightly packing against Tyr11. Interestingly, the corresponding
residues comprising this salt bridge are absent in NTS2 (NTS1:
Asp56/His133, NTS2: Gly24/Tyr99, Figure 1 B), which makes it
tempting to assume a less well-organized architecture of this
microdomain in NTS2 tolerating selectivity-inducing variations
of the peptidic ligand in position 11. In agreement with this
observation, the affinity of the [11Ala]NT(8–13) mutant of NT(8–
13) towards NTS2 was only moderately affected (70-fold) com-
pared to its NTS1 binding (5400-fold decrease).[7] This indicates
a minor contribution of Tyr11 to the binding energy of NT(8–
13) to NTS2 suggesting a potential role of the microdomain
around Tyr11 in subtype selectivity. Consequently, structural
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manipulation of Tyr11 including the use of a b3-homotyrosine,
tyramine-derived peptoid moieties or d-amino acids induced
substantial decrease of NTS1 binding.[7] Because such modifica-
tions were largely tolerated by NTS2, this approach led to
NTS2-selective ligands.[4b, 8]

Encouraged by these observations, we envisioned to investi-
gate NT(8-13)-derived target compounds incorporating a set of
Tyr11 modifications including b2-homotyrosines of type 1
(Figure 2), heterocyclic tyrosine bioisosteres of type 2 and the
corresponding peptoid analogue (type 3). In this paper, we
present the asymmetric syntheses of new unnatural amino
acids, their incorporation into NT(8–13), and receptor binding
studies of the novel target compounds of types 1, 2 and 3.

Results and Discussion

Syntheses of the NT(8-13)-analogues

Our plan for the syntheses of NT(8-13) derivatives 1–3
(Figure 2) required the preparation of the corresponding three
modified amino acids 4, 5 and 6 (Figure 3) and subsequent
solid-phase-supported incorporation of these building blocks
to give the respective peptides.

Insertion of b-amino acids is known as a promising strategy
leading to peptide analogues with interesting structural and
functional behaviour.[9] As an example, b-peptides or mixed a/
b-peptides are more resistant against proteases and are able
to form stable secondary structures with chain lengths as short
as four residues.[10] Alternating sequences of b3- and b2-amino
acids results in unique frameworks for example, left handed
314-helices, helices consisting of alternating 10- and 12-mem-
bered hydrogen-bonded rings, or turn structures.[11] This con-
cept was successfully used in the development of more potent
open-chain mimics of the tetrapeptide somatostatin.[12] In addi-
tion, terminal homologation of NT(8–13) using b-amino acids

resulted in derivatives with an
enhanced stability.[13] In this con-
text, we were interested in the
effect of replacing Tyr11 in NT(8–
13) by corresponding b2-amino
acids. Therefore, the two enan-
tiomers of b2-homotyrosine de-
scribed by Sebesta et al.[14] have
been used, and the two new b2-
amino acids 4 a and 4 b, with an
additional homologation in the
side chain, have been synthe-
sized (Scheme 1). Preparation of
the two b2-amino acids 4 a and
4 b was conducted according to
the procedure described by See-
bach and co-workers,[14] which is
based on the use of 4-isopropyl-

Figure 1. Interactions within the crystal structure of rat NTS1 around Tyr11
of NT(8–13) (PDB ID: 4GRV). A) The NTS1 receptor is shown as green ribbons,
with important residues stabilizing the conformation around Tyr11 of NT(8–
13) (dark-blue) depicted as sticks. In addition, a structural water molecule is
indicated as a dark-red dot. Three hydrogen bonds of Tyr11 to residues of
NTS1 are visualized: one via its side chain to Leu55 and two via its backbone
and oxygen atoms to His348 (mediated by a water molecule) and Thr226, re-
spectively. B) Parts of aligned sequences of NTS1 (rat) and NTS2 (human) are
visualized, which point out sequence differences between distinct parts of
the N-terminal regions and EL1. C) A space-filling representation of the inter-
actions between Tyr11 and residues of NTS1 is shown, with the respective
residues highlighted as dark-blue (Tyr11) and green (NTS1) spheres. A slight-
ly modified perspective compared to panel A) was used for clarity. Again,
the structural water molecule mediating the hydrogen bond between Tyr11
and His348 is shown as a dark-red sphere.

Figure 2. NT(8–13) derivatives chosen for enhancing NTS2 selectivity.

Figure 3. Synthesized amino acid modifications.
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5,5-diphenyloxazolidin-2-one (DIOZ),[15] a modified Evans oxa-
zolidinone-auxiliary.[16]

N-Acylation of the oxazolidinone moiety was achieved with
silyl-protected 3-(4-hydroxyphenyl)propionic acid 7 by the
mixed anhydride method[17] affording 8 a/b in 80–99 % yield
(see Scheme 1). Next, amidomethylation of the Ti-enolate of
acyl-DIOZ-derivatives 8 was carried out using benzyl N-[(ben-
zyloxy)methyl]carbamate[18] as an electrophile and proceeded
with 53–67 % yield and 95 % diastereoselectivity, as determined
by 1H NMR spectroscopy. After removal of the O-silyl protec-
tion by treatment with TBAF, the resulting free phenolic hy-

droxyl group was protected with a tert-butyl substitu-
ent, which is necessary for solid-phase peptide syn-
thesis (SPPS), to afford the corresponding tert-
butoxy-derivatives 11 a/b in 47–51 % yield over two
steps. The diastereomer of interest was isolated in
>99 % purity (preparative HPLC). Cleavage of the
auxiliary proceeded smoothly to yield the carboxylic
acid derivatives 12 a/b. Deprotection of the amino
group and final 9-fluorenylmethoxycarbonyl (Fmoc)
protection provided the desired enantiomerically
pure b2-homo-amino acids 4 a/b (see Scheme 1).

Introduction of an additional nitrogen atom into
the indole moiety of tryptophane leads to azatrypto-
phane derivatives allowing to probe tryptophane-in-
duced receptor–ligand interactions.[19] We envisioned
the synthesis of the 5-substituted azaindolyl alanine
5 as a promising tyrosine bioisostere mimicking the
H-bond accepting properties of the hydroxyphenyl
moiety of Tyr11 but not rendering H-bond donor
function. Both enantiomers of this amino acid (5 a
and 5 b) were synthesized as Fmoc-protected build-
ing blocks starting from 5-hydroxymethyl-pyrrazolo-
[1,5-a]pyridine (Scheme 2).[20] Activation by 2,4,6-tri-
chloro-1,3,5-triazine gave the chloromethyl-substitut-
ed electrophile 13, which was employed for a diaste-
reoselective, nBuLi-promoted alkylation with both
enantiomers of Schçllkopf’s bislactimether[21] afford-
ing the (2S)- and (2R)-dihydropyrazine derivatives
14 a and 14 b, respectively. Hydrolysis under acidic
conditions followed by Fmoc-protection of the result-
ing amino acid provided the enantiomerically pure
azaindolyl alanine derivatives 5 a and 5 b in 45 %
overall yield.

Replacement of the Tyr11 residue of NT(8–13) by
a tyramine-derived peptoid moiety showed a strong
impact on subtype selectivity.[7] Because we aimed to
investigate a bioisosteric exchange by a 5-substituted
azaindolyl unit, synthesis of the building block 6 was
intended (Scheme 3). Amination of vinyl-pyridine
with ammonium chloride and a subsequent tert-buty-
loxycarbonyl (Boc) protection gave the pyridine de-
rivative 17. Subsequent N-amination with O-(2,4-dini-
trophenyl)-hydroxylamine[22] afforded the correspond-
ing N-aminopyridinium salt 18, which was subjected
to a 1,3-dipolar cycloaddition with methyl propiolate
and potassium carbonate under oxidative conditions.

The thus formed pyrazolo[1,5-a]pyridinyl-3-carboxylate 19 was
converted to the amino derivative 20 by treatment with aque-
ous hydrobromic acid. N-Alkylation with ethyl bromoacetate
furnished the N-alkyl glycine derivative 21. Ester hydrolysis and
subsequent protection using 9-fluorenylmethyl N-succinimidyl
carbonate (Fmoc-OSu) gave access to the peptoid building
block 6.

SPPS was performed starting from Fmoc-leucinyl-loaded
Wang resin (Scheme 4), and microwave irradiation was applied
to accelerate Fmoc deprotection and amino acid coupling.
Standard acylations were performed with (benzotriazol-1-yl-

Scheme 1. Reagents and conditions : a) (1) NEt3, PivCl, THF, �30 8C, 1.5 h; (2) LiCl, (4S)-iso-
propyl-5,5-diphenyloxazolidin-2-one (affording 8 a) or (4R)-isopropyl-5,5-diphenyloxazoli-
din-2-one (affording 8 a), �30 8C!RT in 14 h, 8 a : 99 %, 8 b : 80 %; b) (1) TiCl4, NEt3, CH2Cl2,
�15 8C, 30 min; (2) CbzNHCH2OBn, TiCl4, 0 8C, 4 h, 9 a : 61 %, 9 b : 53 %; c) TBAF, THF, RT,
4 h, 10 a : 86 %, 10 b : 88 %; d) isobutene, CF3SO3H, CH2Cl2, �30 8C, 5.5 h, 11 a : 51 %,11 b :
58 %; e) 1 n NaOH, MeOH/THF (1:1), RT, 3 h, quant. ; f) (1) H2, Pd/C, MeOH, RT, 2 h;
(2) Fmoc-OSu, aq NaHCO3/dioxane, RT, 16 h, 4 a : 72 %, 4 b : 62 %.
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oxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP)
as coupling agent, whereas the b2-amino acids 4 a/b and (R)/
(S)-b2-homotyrosine were incorporated using 1-[bis(dimethyl-
amino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU). Azaindolylalanine derivative cou-
pling (5 a/b) was carried out with the help of N,N’-diisopropyl-
carbodiimide (DIC)/1-hydroxybenzotriazole (HOAt), affording
the corresponding peptides 1 a–d, 2 a/b and 3.

Biological investigations

Radioligand binding studies were conducted to evaluate pep-
tides 1 a–d, 2 a,b and peptide-peptoid hybrid 3 for their NTS1
and NTS2 affinity (Table 1). Binding data were determined uti-
lizing the radioligand [3H]neurotensin and Chinese hamster
ovary (CHO) cells stably expressing human NTS1. [3H]NT(8–13)

was used for binding assays investigating human NTS2, which
was transiently transfected in human embryonic kidney (HEK
293) cells.

Binding data of the a/b-peptides 1 a–d revealed that the
modification of the peptide backbone, which was obtained by
the insertion of a CH2-group between the Ca-atom and the
amine function of Tyr11, led to a decrease in affinity at both
neurotensin receptor subtypes compared to the reference
compound NT(8–13). Only a slightly increased NTS2 selectivity
could be achieved with the (R)-b2-homotyrosine derivative 1 c.
In contrast, peptide 2 a bearing an (S)-azaindolylalanine residue
exhibits NTS2 affinity in the single-digit nanomolar range
(4.8 nm) and almost 30-fold selectivity over NTS1. Interestingly,
the corresponding (R)-epimer 2 b showed a more than 600-
fold NTS2 selectivity and a Ki value of 83 nm. Noteworthy, our
selectivity determination is based on binding and not on func-
tional assays. Compared to hitherto reported NTS2-selective
peptides using (R)-fluorophenyltyrosine[8] or (R)-naphthylala-
nine[4b] as surrogates for Tyr11, 2 b revealed superior subtype
selectivity. The peptide-peptoid hybrid 3 exhibited only weak
binding affinity for NTS1 and NTS2 indicating that the hydroxy-
phenyl substituent of the tyramine substructure of the lead
compound 22 cannot be successively replaced by a 5-substi-
tuted azaindole unit.

Computational chemistry

Radioligand binding studies showed an enhanced subtype se-
lectivity of heterocyclic tyrosine bioisosteres of type 2 a com-

Scheme 2. Reagents and conditions : a) (1) 2,4,6-trichloro-1,3,5-triazine, DMF,
RT, 75 min, 71 %; b) (1) (2R)-2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine
(affording 14 a) or (2S)-2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine (af-
fording 14 b), nBuLi (2.5 m in hexane), �78 8C, 15 min; (2) 13, THF, �78 8C,
1.5 h, 14 a : 91 %, 14 b : 72 %; c) 0.2 n HCl, RT, 4 h, 15 a : 81 %, 15 b : 80 %;
d) Fmoc-OSu, aq NaHCO3/dioxane, RT, 16 h, 5a : 85 %, 5b : 73 %.

Scheme 3. Reagents and conditions : a) NH4Cl, MeOH/H2O, NaOH, reflux, 17 h,
55 %; b) Boc2O, tBuOH, RT, 17 h, 85 %; c) O-(2,4-dinitrophenyl)-hydroxylamine,
CH2Cl2/CH3CN, RT, 24 h, 77 %; d) (1) methyl propiolate, K2CO3, DMF, RT, 0.5 h;
(2) air, RT, 16 h, 63 %; e) 48 % aq HBr, reflux, 2 h, 80 %; f) ethyl-2-bromoace-
tate, NEt3, THF, RT, 14 h, 60 %; g) (1) 1 n NaOH, MeOH, RT, 2 h; (2) Fmoc-OSu,
aq NaHCO3/dioxane, RT, 20 h, 97 %.
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pared to the parent compound NT(8–13). To help understand-
ing the influence of this side chain modification on the sub-
type-selective binding of 2 a, we performed molecular dynam-
ics (MD) simulations in a lipidic bilayer environment employing
homology models of human NTS1 and NTS2 (based on the
crystal structure of the agonist-bound rat NTS1) in complex
with the peptide agonist NT(8–13) and compound 2 a.

As discussed above in more detail, the crystal structure of
rat NTS1 shows that the side chain of Tyr11 is hydrogen
bonded to the backbone oxygen of residue Leu55 located on
the N terminus (Figure 1 A). The N-terminal domain thereby
adopts a distinct conformation that features van der Waals in-
teractions to the arene moiety of Tyr11. The conformation of
the N-terminal sequence of the receptor is further stabilized by
intramolecular interactions with the rat NTS1 residues Asp56
and His133EL1. In agreement with these observations, MD simu-
lations on the human NTS1 receptor coupled to NT(8–13) re-
vealed an analogous hydrogen bond between the side chain
of Tyr11 and the backbone carbonyl of Leu54 (N terminus),
which again leads to formation of a tightly packed sub-pocket
around Tyr11 (Figure 4 A,C, figure S1 A in the Supporting Infor-
mation). In addition to this hydrogen bond, the hydroxyl
moiety of Tyr11 is alternately hydrogen bonded to the back-
bone carbonyl of His131EL1, thus participating in the stabiliza-
tion of the conformation of Tyr11 (Figure 4 A, figure S1 B). In
contrast, our MD simulations employing the human NTS1 re-
ceptor coupled to 2 a revealed a conformation of the azaindole
moiety missing any hydrogen bonding to residues located at
the N terminus of NTS1 (Figure 4 A). As a result, 2 a loses stabi-
lizing hydrogen bonds and van der Waals interactions to the
N-terminal region of NTS1 around its azaindole moiety (Fig-
ure 4 E), which we suggest is likely to be the reason for its
reduced affinity.

For the human NTS2 subtype, we observed a different con-
formation around the tyrosine side chain of NT(8–13), which

forms a hydrogen bond to the backbone oxygen of residue
His98EL1, thereby occupying a more deeply buried sub-pocket
compared to NTS1 (Figure 4 B,D, figure S1 C). Thus, only
a minor contribution to the stabilization of the conformation
of Tyr11 seems to arise from the N-terminal portion of the re-
ceptor at NTS2. In analogy to the model of the NT(8-13)–NTS2

Scheme 4. Reagents and conditions : a) piperidine/DMF, m-wave; b) standard coupling of the amino acids: Fmoc-AA-OH, PyBOP, DIPEA, HOBt, DMF, m-wave;
except for 4 a/b, Fmoc-(R)-b2 hTyr(tBu)-OH, Fmoc-(S)-b2 hTyr(tBu)-OH and Fmoc-Pro-OH: Fmoc-AA-OH, HATU, DIPEA, m-wave; except for 5 a/b : Fmoc-AA-OH,
DIC, HOAt, m-wave; c) TFA/phenol/H2O/TIS, RT, 3 h.

Figure 4. Ligand–receptor interactions within the MD simulations. The NTS1
and the NTS2 receptor are indicated as green and grey ribbons, respectively.
Important amino acids of the receptors interacting with the ligands are indi-
cated as sticks (A,B) and spheres (C–E). The ligand NT(8–13) is shown in
dark-blue (A,C) and light-blue (B,D), whereas test compound 2 a is shown in
orange (A,E) and dark-yellow (B,F).
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complex, we found a similar orientation for the bioisosteric
azaindole moiety of compound 2 a compared to the hydroxy-
phenyl unit of NT(8–13). Although there is no hydrogen bond
between the tyrosine side chain of NT(8–13) and residues of
EL1, the heteroaromatic system of compound 2 a seems to be
sufficiently stabilized by substantial van der Waals interactions,
which is in agreement with our biological data showing only
a moderate reduction of affinity for 2 a compared to NT(8–13)
at NTS2 (Figure 4 F).

Conclusions

Starting from NT(8–13) as lead
compound, we herein report the
synthesis and biological evalua-
tion of peptides containing
structural variations at posi-
tion 11, which include a replace-
ment of the tyrosine unit by b2-
amino acid residues (type 1) as
well as incorporation of hetero-
cyclic tyrosine bioisosteres
(type 2) and the corresponding
peptoid analogue of type 3.
Taking advantage of Seebach’s
b2-amino acid synthesis and
Schçllkopf’s bis-lactim ether
methodology, we were able to
assess the new unnatural amino
acids 4 and 5, respectively,
which could be incorporated
into the parent peptide NT(8-13)
exchanging the residue Tyr11.
Receptor binding data of corre-
sponding a/b-peptides 1 a–d
suggest that backbone homolo-
gation in this position by intro-
ducing b2-amino acids is hardly
tolerated by the neurotensin re-
ceptors, probably due to a loss
of backbone interactions, an un-
favourable backbone conforma-
tion or repulsive steric interac-
tions with the protein residues
surrounding the proline residue
of the ligand. However, bioiso-
steric replacement of the hydro-
gen-bond donating hydroxy-
phenyl side chain of Tyr11 by
a hydrogen-bond accepting
azaindole moiety with an ex-
tended aromatic moiety was
well tolerated by NTS2 but not
by the NTS1 subtype. Compara-
tive computational studies per-
formed on the S-configured test
compound 2 a and NT(8–13)
suggested possible structural

consequences of such side chain modifications on ligand–re-
ceptor interactions, which finally culminate in an altered selec-
tivity profile. Interestingly, peptide 2 b with an R-configured
azaindolylalanine at position 11 showed reduced binding affini-
ty but more than 600-fold subtype selectivity for NTS2 over
NTS1. Taking advantage of the newly presented NTS2-selective
chemical tools and lead compounds, further structural evolu-
tion may lead to nonpeptidic drug candidates for the treat-
ment of neuropathic pain.

Table 1. Receptor binding data of the peptide-derivatives 1 a–d, 2 a, 2 b and 3 for the human NTS1 and NTS2
receptor in comparison with the reference agent NT(8–13) and 22.

Compd Sequence Ki [nm][a] Selectivity
NTS1[b]

[3H]neurotensin
NTS2[c]

[3H]NT[8-13]
Ratio

Ki [NTS1]/Ki [NTS2]

NT(8–13)[d] 0.24�0.024 1.2�0.17[e] 0.20

22[d] 31 000�7000 8.0�0.94 3900

1 a 1700�780[f] 2500�1800[f] 0.68

1 b 2500�490[f] 3600�1500[f] 0.69

1 c 79 000�21 000 5600�810 14

1 d 19 000�2400 5400�2200 3.5

2 a 130�36 4.8�1.1 27

2 b 52 000�12 000 83�19 630

3 31 000�18 000 520�170 60

[a] Ki values in [nm�SEM] are the means of 3–9 individual experiments each done in triplicate. [b] Membranes
from CHO cells stably expressing human NTS1. [c] Homogenates from HEK 293 cells transiently expressing
human NTS2. [d] Data from ref. [7] . [e] KD value. [f] Ki values in [nm�SD] are the means of two individual
experiments each done in triplicate.
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Experimental Section

Syntheses of peptides 1–3

The peptide synthesis was done according to standard protocols
as described below. The synthesis was performed starting from
commercially available Fmoc-Leu-Wang resin. a-Amino acids were
incorporated as their commercially available derivatives: Fmoc-Ile-
OH, Fmoc-Pro-OH and Fmoc-Arg(Pbf)-OH. Elongation of the pep-
tide chain was done by repetitive cycles of Fmoc deprotection and
subsequent coupling of the amino acid (AA) derivative with the
help of microwave irradiation (Discover microwave oven, CEM
Corp.), performed in silanized glass tubes. Remark: the develop-
ment of overpressure was avoided by using N,N-dimethylforma-
mide (DMF) as the solvent and intermittent cooling. Fmoc depro-
tection was performed by treatment of the resin with 20 % piperi-
dine in DMF (1 � , microwave irradiation: 8 � 5 s, 100 W), followed
by washings with DMF (5 �). Peptide coupling was done following
methods 1–3. After the last acylation step the N-terminal Fmoc-res-
idue was deprotected, the resin was rinsed with CH2Cl2 (5 �) and
dried in vacuo. The cleavage from the resin was performed using
a mixture of trifluoroacetic acid (TFA)/phenol/H2O/triisopropylsilane
(TIS) (88:5:5:2) for 3 h, followed by filtration of the resin. After
evaporation of the solvent in vacuo and precipitation in tert-butyl-
methylether, the crude peptides were purified using preparative
RP-HPLC: Agilent 1100 preparative series, column: Zorbax Eclipse
XDB-C8, 21.2 � 150 mm, 5 mm particles [C8], employing solvent sys-
tems, linear gradient and flow rate (FR) as specified below or VP
250/32 NUCLEODUR C18 HTec 5 mm particles [C18] employing sol-
vent systems, linear gradient and FR as specified below.

After separation, peptides were lyophilized and peptide purity and
identity were assessed by analytical HPLC (Agilent 1100 analytical
series, equipped with QuatPump and VWD detector, column:
Zorbax Eclipse XDB-C8 analytical column, 4.6 � 150 mm, 5 mm, FR:
0.5 mL min�1) coupled to a Bruker Esquire 2000 mass detector
equipped with an ESI trap. System 1 (S1): x–y % CH3OH in H2O +
0.1 % HCO2H (S1C: 10–55 % in 18 min, 55–95 % in 2 min, 95–95 %
in 2 min; S1D: 10–65 % in 18 min, 65–95 % in 2 min, 95–95 % in
2 min), System 2 (S2): x–y % CH3CN in H2O + 0.1 % HCO2H (S2B: 3–
40 %, in 26 min, 40–95 % in 2 min, 95–95 % in 2 min; S2C: 3–55 %,
in 26 min, 65–95 % in 2 min, 95–95 % in 2 min).

Method 1: Peptide coupling was done employing Fmoc-AA/
PyBOP/DIPEA (5 equiv each) and 1-hydroxybenzotriazole (HOBt,
7.5 equiv) dissolved in a minimum amount of DMF (irradiation:
20 � 10 s, 50 W). For introduction of the b2h-AA (3 equiv), 1-[bis(di-
methylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU, 5 equiv) and N,N-diisopropylethyl-
amine (DIPEA, 10 equiv) were employed (irradiation: 20 � 10 s,
50 W). In between each irradiation step, cooling of the reaction
mixture to a temperature of �10 8C was achieved by sufficient agi-
tation in an EtOH/ice bath.

Method 2 : Peptide coupling was done employing Fmoc-AA/
PyBOP/DIPEA (5 equiv each) and HOBt (7.5 equiv) dissolved in
a minimum amount of DMF (irradiation: 20 � 10 s, 50 W). For intro-
duction of azaindolylalanines 5 a/b, Fmoc-AA/DIC/HOAt (4.3 equiv
each) in DMF were employed using 10 min preactivation time. In
between each irradiation step, cooling of the reaction mixture to
a temperature of �10 8C was achieved by sufficient agitation in an
EtOH/ice bath.

Method 3 : Peptide coupling was done employing Fmoc-AA/
PyBOP/DIPEA (5 equiv each) and HOBt (7.5 equiv) dissolved in
a minimum amount of DMF (irradiation: 20 � 10 s, 50 W). Peptoid

building block 6 was coupled in the following manner: Fmoc-Pep-
toid/PyBOP/DIPEA (3 equiv each) and HOBt (4.5 equiv) dissolved in
a minimum amount of DMF (irradiation: 20 � 10 s, 50 W). The fol-
lowing Fmoc-Pro-OH (5 equiv) was coupled (2 �) with HATU
(5 equiv) and DIPEA (10 equiv) in DMF. In between each irradiation
step, cooling of the reaction mixture to a temperature of �10 8C
was achieved by sufficient agitation in an EtOH/ice bath.

[11(R)-2-[(Amino)methyl]-4-[4-(hydroxy)phenyl]-1-oxobutyl]-NT(8–
13) (1 a): The peptide was synthesized according to method 1. Pu-
rification [C8]: eluent: CH3CN (A) and 0.1 % HCOOH in H2O (B) ap-
plying a linear gradient starting from 5 % A in 95 % B to 35 % A in
65 % B in 12.0 min; FR: 10.0 mL min�1; tR = 9.7 min; purity: S1C:
>99 % (tR = 17.0 min); S2B: >99 % (tR = 16.4 min); MS (ESI): m/z
845.6 [M + H]+ ; HRMS-ESI : m/z [M + H]+ calcd for C40H68N12O8 :
845.5353, found: 845.5356.

[11(S)-2-[(Amino)methyl]-4-[4-(hydroxy)phenyl]-1-oxobutyl]-NT(8–
13) (1 b): The peptide was synthesized according to method 1. Pu-
rification [C8]: eluent: CH3CN (A) and 0.1 % HCOOH in H2O (B) ap-
plying a linear gradient starting from 5 % A in 95 % B to 35 % A in
65 % B in 12.0 min; FR: 10.0 mL min�1; tR = 10.3 min; purity: S1C:
>99 % (tR = 17.2 min); S2B: >99 % (tR = 16.4 min); MS (ESI): m/z
845.6 [M + H]+ ; HRMS-ESI : m/z [M + H]+ calcd for C40H68N12O8 :
845.5356, found: 845.5377.

[11(R)-b2 hTyr]-NT(8–13) (1 c): The peptide was synthesized accord-
ing to method 1 using 10 a as b2-amino acid. Purification [C8]:
eluent: CH3CN (A) and 0.1 % HCOOH in H2O (B) applying a linear
gradient starting from 5 % A in 95 % B to 40 % A in 60 % B in
14.0 min; FR: 10.0 mL min�1; tR = 12.3 min; purity: S1C: >99 % (tR =
16.9 min); S2B: >99 % (tR = 14.8 min); MS (ESI): m/z 831.6 [M + H)]+ ;
HRMS-ESI : m/z [M + H]+ calcd for C39H66N12O8 : 831.5199, found:
831.5201.

[11(S)-b2 hTyr]-NT(8–13) (1 d): The peptide was synthesized accord-
ing to method 1. Purification [C8]: eluent: CH3CN (A) and 0.1 %
HCOOH in H2O (B) applying a linear gradient starting from 5 % A in
95 % B to 35 % A in 65 % B in 12.0 min; FR: 10.0 mL min�1; tR =
9.1 min; purity: S1C: >99 % (tR = 13.9 min); S2B: >99 % (tR =
14.0 min); MS (ESI): m/z 831.6 [M + H]+ ; HRMS-ESI : m/z [M + H]+

calcd for C39H66N12O8 :831.5199, found: 831.5215.

[(S)-3-(Pyrazolo[1,5-a]pyridine-5-yl)-propionyl11]NT(8–13) (2 a):
The peptide was synthesized according to method 2. Purification
[C8]: eluent: MeOH (A) and 0.1 % HCOOH in H2O (B) applying
a linear gradient starting from 10 % A in 90 % B to 40 % A in 60 % B
in 14.0 min, then 40 % A in 60 % to 40 % A in 60 % for 2 min; FR:
10.0 mL min�1; tR = 12.4 min (95.5 %) [(R)-3-(pyrazolo[1,5-a]pyridine-
5-yl)-propionyl11-epimer: 4.5 %]; purity: S1D: >99 % (tR = 12.9 min);
S2C: 98.0 % (tR = 12.7 min); HRMS-ESI : m/z [M + H]+ calcd for
C39H65N14O7: 841.5161, found: 841.5163.

[(R)-3-(Pyrazolo[1,5-a]pyridine-5-yl)-propionyl11]NT(8–13) (2 b):
The peptide was synthesized according to method 2. Purification
[C8]: eluent: MeOH (A) and 0.1 % HCO2H in H2O (B) applying
a linear gradient starting from 10 % A in 90 % B to 40 % A in 60 % B
in 14.0 min, then 40 % A in 60 % to 40 % A in 60 % for 2 min; FR:
10.0 mL min�1; tR = 15.0 min (87.4 %) [(S)-3-(pyrazolo[1,5-a]pyridine-
5-yl)-propionyl11-epimer: 12.6 %]; purity: S1D: >99.2 % (tR =
14.8 min); S2C: 99.3 % (tR = 14.2 min); HRMS-ESI : m/z [M + H]+

calcd for C39H65N14O7: 841.5161, found: 841.5154.

[11N-{5-(2-Aminoethyl)pyrazolo[1,5-a]pyridine}-Gly]NT(8–13) (3):
The peptide was synthesized according to method 3. Purification
[C18]: eluent: CH3CN (A) and 0.1 % HCOOH in H2O (B) applying
a linear gradient starting from 5 % A in 95 % B to 30 % A in 70 % B
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in 12.0 min; FR: 32.0 mL min�1; tR = 10.6 min; purity: S1C: >99 %
(tR = 15.1 min); S2B: >99 % (tR = 16.0 min); MS (ESI): m/z 855.6
[M+H]+ ; HRMS-ESI : m/z [(M + 2 H)/2]2+ calcd for C40H66N14O7H2 :
428.2692, found: 428.2690.

Syntheses of compounds 4–6

Reagents and dry solvents were obtained from commercial sources
and were used as received. Reactions were conducted under dry
N2. Evaporations of product solutions were done in vacuo with a ro-
tatory evaporator. Column chromatography was performed using
60 mm silica gel. For thin-layer chromatography (TLC), silica gel
60 mm plates were used (UV, I2 or ninhydrin detection). Preparative
RP-HPLC was performed employing Agilent 1100 preparative
series, column Zorbax Eclipse XDB-C8, 21.2 mm � 150 mm, 5 mm
particles [C8], employing solvent systems, linear gradient and FR as
specified below or VP 250/32 NUCLEODUR C18 HTec 5 mm particles
[C18] employing solvent systems, linear gradient and FR as speci-
fied below. Melting temperatures (mp) are uncorrected. IR spectra
were registered from a thin film on a NaCl crystal. NMR data were
acquired with the help of a 360 MHz or a 600 MHz spectrometer, if
not stated otherwise in CDCl3 ; 13C NMR spectra were recorded at
90 MHz if not stated otherwise in CDCl3. Chemical shifts (d) are
given relative to tetramethylsilane (TMS) in parts per million (ppm)
relative to TMS (= 0). Mass spectra were acquired using electronic
ionization (EI), atmospheric pressure chemical ionization (APCI) or
electron spray ionization (ESI) techniques. EI high-resolution mass
spectra were measured with a JOEL GCmate II spectrometer. ESI-
TOF high mass accuracy and resolution experiments were per-
formed on a Bruker maXis MS (Bruker Daltonics, Bremen, Germany)
in the laboratory of the Chair of Bioinorganic Chemistry (Prof. Dr.
Ivana Ivanović-Burmazović), FAU. CHN analyses were conducted in
the analytical laboratory of the Division of Organic Chemistry, FAU.
HPLC analysis revealed a purity >95 % for all SAR compounds.
Purity was assessed by analytical HPLC (Agilent 1100 analytical
series, equipped with QuatPump and VWD detector, column:
Zorbax Eclipse XDB-C8 analytical column, 4.6 � 150 mm, 5 mm, FR:
0.5 mL min�1) ; System 1 (S1): x–y % CH3OH in H2O + 0.1 % HCO2H
(S1 A: 4–15 % in 18 min, 90–95 % in 2 min, 95–95 % in 2 min, S1B:
10–90 % in 18 min, 90–95 % in 2 min, 95–95 % in 2 min), System 2
(S2): x–y % CH3CN in H2O + 0.1 % HCO2H (S2 A: 3–85 % in 26 min,
85–95 % in 2 min, 95–95 % in 2 min).

(R)-2-[({[(9 H-Fluoren-9-yl)methoxy]carbonyl}amino)methyl]-4-[4-
(tert-butoxy)-phenyl]-butanoic acid (4 a): To a solution of 12 a
(0.5 g, 1.3 mmol) in MeOH (20 mL), Pd/C (0.06 g, 10 wt %) was
added. The flask was evacuated, flushed with H2 (3 �), and the mix-
ture war stirred at RT for 2 h. The catalyst was filtered off with the
help of celite and washed thoroughly with MeOH. The solvent was
evaporated, and the resulting colorless oil was diluted with saturat-
ed aq NaHCO3 (23 mL). A solution of 9-fluorenylmethyl N-succini-
midyl carbonate (Fmoc-OSu, 0.38 g, 1.3 mmol) in dioxane (8 mL)
was added, and the mixture was stirred at RT for 12 h. The solvent
was evaporated, H2O was added, and the aqueaous phase was
washed with Et2O (1 �). The aqueous layer was acidified with 2 n

HCl and extracted with CH2Cl2 (3 �). The combined organic extracts
were dried (MgSO4), flitered and evaporated. Flash column chroma-
tography (EtOAc/hexane, 1:2 + 0.5 % HCO2H) afforded 4 a as color-
less solid (0.4 g, 72 %): mp: 71–73 8C; [a]31

D =�4.0 (c = 0.27 in
CHCl3) ; 1H NMR (360 MHz, CDCl3): d= 7.74 (d, J = 7.5 Hz, 2 H), 7.58
(d, J = 7.2 Hz, 2 H), 7.45–7.35 (m, 2 H), 7.34–7.28 (m, 2 H), 7.10–7.00
(m, 2 H), 6.92–6.83 (m, 2 H), 6.55, 5.28 (2 � bs, 1 H), 4.58–4.47, 4.46–
4.37 (2 m, 2 H), 4.28–4.16 (m, 1 H), 3.51–3.37, 3.30–3.07 (2 m, 2 H),
2.73–2.58 (m, 2 H), 2.57–2.36 (m, 1 H), 2.04–1.94, 1.88–1.76, 1.68–

1.54 (3 m, 2 H), 1.32 ppm (s, 9 H); 13C NMR (90 MHz, CDCl3): d=
179.4, 156.6, 153.5, 143.8, 141.3, 135.8, 128.8, 128.6, 127.8, 127.7,
127.1, 127.0, 125.0, 124.2, 120.0, 78.3, 67.2, 66.8, 47.2, 45.0, 42.5,
41.9, 32.5, 32.4, 31.5, 31.2, 28.8 ppm; IR (NaCl): n= 3337, 2977,
1709, 1507, 1450, 1365, 1235, 1160, 1105, 911, 851 cm�1; MS (ESI):
m/z 510.3 [M + Na]+ , HRMS-ESI: m/z [M + Na]+ calcd for C30H33NO5:
510.2251, found: 510.2245.

(S)-2-[({[(9 H-Fluoren-9-yl)methoxy]carbonyl}amino)methyl]-4-[4-
(tert-butoxy)phenyl]butanoic acid (4 b): Compound 4 b was syn-
thesized according to the procedure described for compound 4 a
starting with 12 b (0.40 g, 1.0 mmol). Compound 4 b was obtained
as a colorless solid (0.3 g, 62 %). Spectroscopic characterization
data were identical to those obtained for the enantiomer 4 a.
[a]31

D = + 4.1 (c = 0.27 in CHCl3).

(S)-2-(9 H-Fluoren-9-ylmethoxycarbonylamino)-3-(pyrazolo[1,5-
a]pyridine-5-yl)-propionic acid (5 a): A solution of Fmoc-OSu
(99 mg, 0.29 mmol) in dioxane (1.5 mL) was added to a solution of
15 a (72 mg, 0.22 mmol) in a saturated aq NaHCO3 (2 mL) at RT.
The solution was adjusted to pH 9.0–9.5, and stirring at RT was per-
formed for 16 h. After the addition of H2O, the resulting suspension
was extracted with CH2Cl2 and the organic layer was discarded.
Thereafter, the aqueous layer was adjusted to pH 2 with a saturated
aq citric acid and extracted with CH2Cl2 (5 �). The combined organ-
ic extracts were dried (MgSO4), filtered and concentrated in vacuo.
Flash column chromatography (CH2Cl2/MeOH, 99:1 + 0.5 % HCO2H)
afforded 5 a as a colorless solid (82 mg, 85 %): mp: 187–193 8C (de-
composition); [a]21

D =�18.1 (c = 0.52 in DMF); 1H NMR (600 MHz,
[D6]DMSO): d= 12.84 (s, 1 H), 7.51 (s, 1 H), 8.57 (d, J = 7.2 Hz, 1 H),
7.93 (d, J = 2.3 Hz, 1 H), 7.84–7.88 (m, 2 H), 7.78 (d, 1 H, J = 8.4 Hz),
7.56–7.63 (m, 2 H), 7.51 (s, 1 H), 7.36–7.44 (m, 2 H), 7.24–7.28 (m,
1 H), 7.18–7.22 (m, 1 H), 6.81 (dd, J = 7.2, 1.8 Hz, 1 H), 6.49 (d, J =
2.3 Hz, 1 H), 4.27 (ddd, J = 10.5, 8.4, 4.3 Hz, 1 H), 4.13–4.22 (m, 4 H),
3.12 (dd, J = 13.8, 4.3 Hz, 1 H), 2.91 ppm (dd, J = 13.8, 10.5 Hz, 1 H);
13C NMR (150 MHz, [D6]DMSO): d= 173.0, 115.9, 143.7, 143.6, 141.8,
140.6, 139.4, 133.9, 128.1, 127.6, 127.0, 126.9, 125.2, 125.1, 120.1,
117.2, 113.7, 96.1, 65.6, 54.7, 46.5, 35.8 ppm; IR (KBr): n= 3413,
3320, 1713, 1692 cm�1; MS (APCI): m/z 428 [M + H]+ ; HRMS-ESI :
m/z [M]+ calcd for C25H21N3O4 : 427.1532, found: 427.1532; HPLC
(220 nm) system S1B: tR = 21.0 min (96.7 %), system S2 A: tR =
22.0 min (96.7 %).

(R)-2-(9 H-Fluoren-9-ylmethoxycarbonylamino)-3-(pyrazolo[1,5-
a]pyridine-5-yl)-propionic acid (5 b): Compund 5 b was prepared
according to the protocol for the synthesis of 5 a starting with 15 b
(0.07 g, 0.22 mmol). Compound 5 b was obtained as a colorless
solid (0.067 g, 73 %). Spectroscopic characterization data were iden-
tical to those obtained for the enantiomer 5 a, starting from 15 b.
[a]23

D = + 14.0 (c = 0.95 in DMF); HPLC (220 nm) system S1B: tR =
20.7 min (98.1 %), system S2 A: tR = 21.9 min (97.9 %).

N-(9-Fluorenylmethyloxycarbonyl)-N-{5-(2-aminoethyl)pyrazolo-
[1,5-a]pyridine}-glycine (6): To a solution of 21 (0.36 g, 1.44 mmol)
in MeOH (7 mL), 1 n NaOH (3.5 mL) was added, and stirring was
performed at RT for 3 h. The mixture was concentrated in vacuo,
and the residue was diluted with a saturated aq NaHCO3. After
cooling to 0 8C, a solution of Fmoc-OSu (0.52 g, 1.53 mmol) in diox-
ane (2 mL) was added, and the mixture was stirred at RT for 19 h.
The solvent was evaporated, H2O was added and the aqueous
phase was washed with Et2O (1 �). Thereafter, the aqueous layer
was acidified with 2 n HCl and extracted with CH2Cl2 (3 �). The
combined organic extracts were dried (MgSO4), filtered and con-
centrated in vacuo yielding 6 as colorless solid (0.62 g, 97 %): mp:
71–73 8C; 1H NMR (600 MHz, CDCl3): d= 8.49a, 8.42b (2 � d, Ja =
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7.0 Hz, Jb = 7.0 Hz, 1 H), 7.94–7.88 (m, 1 H), 7.72 (d, J = 7.5 Hz, 2 H),
7.58a, 7.53b (2 � d, Ja = 7.4 Hz, Jb = 7.5 Hz, 2 H), 7.40–7.29, 7.25–7.22,
7.02–6.97 (3 m, 5 H), 6.62a, 6.24b (2 � d, Ja = 6.3 Hz, Jb = 5.9 Hz, 1 H),
6.41 (d, J = 1.3 Hz, 1 H), 4.70a, 4.46b (2 � d, Ja = 5.0 Hz, Jb = 6.4 Hz,
2 H), 4.24–4.18 (m, 1 H), 3.89, 3.85 (2 s, 2 H), 3.63–3.56, 3.28–3.17
(2 m, 2 H), 2.92–2.87, 2.49–2.42 ppm (2 m, 2 H); 13C NMR (150 MHz,
CDCl3): d= 172.9, 156.4, 155.8, 143.8, 141.4, 141.3, 140.1, 128.2,
127.8, 127.7, 127.2, 127.0, 124.9, 124.6, 120.0, 116.9, 116.7, 113.7,
113.5, 96.4, 67.7, 66.8, 49.9, 49.7, 49.3, 47.4, 47.2, 34.0, 33.9 ppm; IR
(NaCl): n= 3438, 2952, 1699, 1647, 1477, 1447, 1218, 1180, 1123,
759, 739 cm�1; MS (ESI): m/z 442.2 [M + H]+ ; HRMS-ESI : m/z
[M+Na]+ calcd for C26H23N3O4 : 464.1581, found: 464.1575.

4-{4-[(tert-Butyl)diphenylsilyl]phenyl}butanoic acid (7): To a solu-
tion of 4-(4-hydroxyphenyl)butanoic acid[23] (3.13 g, 17 mmol) and
imidazole (5.2 g, 76 mmol) in DMF (45 mL), tert-butyl-diphenylsilyl-
chloride (9.9 mL, 38 mmol) was added dropwise and stirred at RT
for 4.5 h. After addition of brine (450 mL), the reaction mixture was
extracted with Et2O (3 �). The combined organic extracts were
washed with ice-cold 1 n HCl and brine, dried (MgSO4), filtered and
concentrated in vacuo. The residue was redissolved in MeOH/THF
(1:1, 144 mL) and 10 % aq K2CO3 (22.5 mL) and stirred at RT for 1 h.
After evaporation, the residue was diluted with brine (180 mL),
acidified with 1 n HCl and extracted with Et2O (3 �). Organic ex-
tracts were washed with brine, dried (MgSO4), filtered and concen-
trated in vacuo. Crude product was purified by flash column chro-
matography (hexane/Et2O, 4:1 + 0.5 % HCO2H) to yield acid 7 as
a colorless oil (6.9 g, 98 %): 1H NMR (390 MHz, CDCl3): d= 7.73–7.68
(m, 4 H), 7.43–7.39 (m, 2 H), 7.37–7.33 (m, 4 H), 6.90–6.86 (m, 2 H),
6.69–6.66 (m, 2 H), 2.52 (t, J = 7.6 Hz, 2 H), 2.29 (t, J = 7.6 Hz, 2 H),
1.92–1.86 (m, J = 7.6 Hz, 2 H), 1.09 ppm (s, 9 H); 13C NMR (150 MHz,
CDCl3): d= 179.3, 153.8, 133.5, 133.1, 129.8, 129.1, 127.7, 119.5,
34.1, 33.1, 26.5, 26.3, 19.4 ppm; IR(NaCl): n= 3431, 3072, 2931,
2856, 1705, 1608, 1500, 1428, 1254, 1117, 922, 822 cm�1; MS(ESI):
m/z 441.7 [M + Na]+ .

(S)-3-{4-[4-(tert-Butyl)diphenylsilyl)phenyl]-1-oxobutyl}-4-isopro-
pyl-5,5-diphenyl-oxazolidin-2-one (8 a): A solution of 7 (1.34 g,
2 mmol) and NEt3 (1.11 mL, 7.9 mmol) in THF (15 mL) was cooled
to �30 8C, and pivaloyl chloride (PivCl, 0.4 mL, 3.2 mmol) was
added dropwise. The white suspension was stirred for 1.5 h, and
LiCl (0.15 g, 3.5 mmol) and (4S)-4-(1-methylethyl)-5,5-diphenyl-2-ox-
azolidinone (0.86 g, 3.2 mmol) were added and stirred overnight,
allowing to warm to RT. The reaction mixture was diluted with
Et2O and saturated aq NH4Cl. The organic phase was washed with
1 n HCl (2 �), 1 n NaOH (1 �) and brine (1 �), dried (MgSO4), filtered
and evaporated. Flash column chromatography (EtOAc/hexane,
1:4) afforded 8 a as a colorless solid (2.06 g, 99 %): mp: 57–60 8C;
[a]25

D =�95.4 (c = 1.05 in CHCl3); 1H NMR (600 MHz, CDCl3): d=
7.74–7.66 (m, 4 H), 7.49–7.17 (m, 18 H), 6.80–6.74 (m, 2 H), 6.65–6.59
(m, 2 H), 5.35 (d, J = 3.4 Hz, 1 H), 2.91–2.77, 2.77–2.64 (2 m, 2 H),
2.45–2.37 (m, 2 H), 2.01–1.91 (m, 1 H), 1.82–1.72 (m, 2 H), 1.09 (s,
9 H), 0.86 (d, J = 6.8 Hz, 3 H), 0.74 ppm (d, J = 6.8 Hz, 3 H); 13C NMR
(150 MHz, CDCl3): d= 172.9, 153.7, 153.0, 142.4, 138.2, 135.5, 133.8,
133.2, 129.8, 129.0, 128.9, 128.6, 128.4, 127.9, 127.7, 125.9, 125.6,
119.4, 89.3, 64.5, 34.4, 34.0, 29.8, 26.6, 26.3, 21.7, 19.4 ppm; IR
(NaCl): n= 3072, 2930, 2932, 2857, 1791, 1703, 1607, 1500, 1452,
1429, 1362, 1318, 1254, 1175, 1118, 998, 919, 843, 822 cm�1; MS
(ESI): m/z 705.2 [M + Na]+ ; HRMS-ESI : m/z [M + Na]+ calcd for
C44H47NO4Si: 704.3167, found: 704.3171.

(R)-3-{4-[4-(tert-Butyl)diphenylsilyl)phenyl]-1-oxobutyl}-4-isopro-
pyl-5,5-diphenyloxazolidin-2-one (8 b): Compound 8 b was syn-
thesized according to the procedure described for 8 a starting
from 7 (3.0 g, 7.2 mmol) and (4R)-4-(1-methylethyl)-5,5-diphenyl-2-

oxazolidinone (1.9 g, 6.8 mmol). Compound 8 b was obtained as
a colorless solid (3.7 g, 80 %). Spectroscopic characterization data
were identical to those obtained for the enantiomer 8 a : [a]25

D =
+ 94.6 (c = 1.07 in CHCl3).

(S)-3-((R)-2-{[(Benzyloxy)carbonyl]amino})methyl-4-[4-(tert-butyl)-
diphenylsilyl)-phenyl]-1-oxobutyl)-4-isopropyl-5,5-diphenyloxa-
zolidin-2-one (9 a): To a solution of 8 a (3.6 g, 5.0 mmol) in CH2Cl2

(27 mL), TiCl4 (0.86 mL, 5.8 mmol) and then NEt3 (0.86 mL,
5.8 mmol) was added at �15 8C. The resulting dark-red solution
was stirred at �15 8C for 0.5 h. Benzyl-N-[(benzyloxy)-methyl]carba-
mate (CbzNHCH2OBn; 1.64 g, 5.8 mmol) and TiCl4 (0.67 mL,
5.8 mmol) were dissolved in CH2Cl2 (13 mL) in an ice bath, and the
resulting solution was added to the mixture via cannula. The reac-
tion mixture was stirred at 0 8C for 4.5 h, treated with saturated aq
NaHCO3 and CH2Cl2. The organic extract was washed with 1 n HCl
(2 �), 1 n NaOH (1 �) and brine (1 �), dried (MgSO4), filtered and
evaporated. Flash column chromatography (EtOAc/hexane, 1:4) af-
forded 9 a as a colorless solid (2.72 g, 61 %, d.r. : 19): mp: 59–61 8C;
1H NMR (600 MHz, CDCl3): d= 7.74–7.69 (m, 4 H), 7.47–7.26 (m,
18 H), 7.16 (dd, J = 7.9, 7.9 Hz, 2 H), 7.02 (dd, J = 7.4, 7.4 Hz, 1 H),
6.55–6.50 (m, 2 H), 6.42–6.35 (m, 2 H), 5.34 (d, J = 3.4 Hz, 1 H), 5.18
(bs, 1 H), 5.06 (s, 2 H), 3.79–3.71 (m, 1 H), 3.59–3.47, 3.39–3.32 (2 m,
2 H), 2.03–1.86 (m, 3 H), 1.67–1.59 (m, 2 H), 1.09 (s, 9 H), 0.83 (d, J =

7.1 Hz, 3 H), 0.70 ppm (d, J = 6.9 Hz, 3 H); 13C NMR (150 MHz, CDCl3):
d= 174.5, 156.2, 153.6, 153.0, 142.2, 137.7, 136.5, 135.5, 133.4,
133.2, 133.1, 129.8, 128.9, 128.7, 128.70, 128.6, 128.5, 128.4, 128.1,
128.0, 128.00, 127.7, 125.7, 125.3, 119.3, 89.6, 66.7, 65.3, 42.9, 42.5,
31.7, 31.3, 29.6, 26.5, 25.9, 21.6, 19.4 ppm; IR (NaCl): n= 2931, 2858,
1783, 1722, 1607, 1509, 1450, 1428, 1362, 1316, 1252, 1175, 1113,
1051, 1000, 913, 822 cm�1; MS (ESI): m/z 868.1 [M + Na]+ ; HRMS-
ESI : m/z [M + Na]+ calcd for C53H56N2O6Si: 867.3800, found:
867.3792.

(R)-3-((S)-2-{[(Benzyloxy)carbonyl]amino})methyl-4-[4-(tert-butyl)-
diphenylsilyl)-phenyl]-1-oxobutyl)-4-isopropyl-5,5-diphenyloxa-
zolidin-2-one (9 b): Compound 9 b was synthesized according to
the procedure described for 9 a starting with 8 b (3.5 g, 5.0 mmol).
Compound 9 b was obtained as a colorless solid (2.3 g, 53 %, d.r. :
19). Spectroscopic characterization data were identical to those ob-
tained for the enantiomer 9 a.

(S)-3-[(R)-2-({[(Benzyloxy)carbonyl]amino})methyl-4-(4-hydroxy-
phenyl)-1-oxobutyl]-4-isopropyl-5,5-diphenyloxazolidin-2-one
(10 a): A mixture of 9 a (1.3 g, 1.5 mmol) in THF (12 mL) and tetra-
n-butylammonium fluoride (TBAF, 1.8 mL, 1 m in THF) was stirred at
RT for 4 h. The mixture was diluted with EtOAc, washed with H2O
(1 �) and brine (1 �). The combined organic extracts were dried
(MgSO4), filtered and evaporated. Flash column chromatography
(EtOAc/hexane, 1:3!1:2) afforded 10 a as colorless solid (0.8 g,
86 %, d.r. : 19): mp: 75–76 8C; 1H NMR (360 MHz, CDCl3): d= 7.56–
7.50 (m, 2 H), 7.45–7.27 (m, 12 H), 7.22–7.16 (m, 1 H), 6.68–6.61 (m,
2 H), 6.59–6.54 (m, 2 H), 5.39 (d, J = 3.5 Hz, 1 H), 5.24 (bs, 1 H), 5.15
(s, 1 H), 5.10–5.00 (m, 2 H), 3.86–3.79 (m, 1 H), 3.59–3.50, 3.41–3.34
(2 m, 2 H), 2.04–1.93 (m, 3 H), 1.76–1.63, 1.48–1.35 (2 m, 2 H), 0.85
(d, J = 7.0 Hz, 3 H), 0.72 ppm (d, J = 6.7 Hz, 3 H); 13C NMR (150 MHz,
CDCl3): d= 174.6, 156.3, 153.7, 153.1, 142.2, 137.7, 136.4, 133.0,
129.2, 129.0, 128.8, 128.5, 128.4, 128.1, 128.0, 125.8, 125.7, 125.5,
115.1, 89.8, 66.7, 65.3, 43.0, 42.5, 31.6, 30.9, 29.6, 21.7 ppm; IR
(NaCl): n= 3381, 2965, 1782, 1701, 1614, 1515, 1450, 1362, 1317,
1212, 1176, 1052, 989, 912 cm�1; MS (ESI): m/z 615.4 [M + Na]+ ;
HRMS-ESI : m/z [M + Na]+ calcd for C37H38N2O6 : 629.2622, found:
629.2619.
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(R)-3-((S)-2-{[(Benzyloxy)carbonyl]amino})methyl-4-[4-hydroxy-
phenyl]-1-oxobutyl)-4-isopropyl-5,5-diphenyloxazolidin-2-one
(10 b): Compound 10 b was synthesized according to the proce-
dure described for 10 a starting with 9 b (2.2 g, 2.6 mmol). Com-
pound 10 b was obtained as a colorless solid (1.4 g, 88%, d.r. : 19).
Spectroscopic characterization data were identical to those ob-
tained for the enantiomer 10 a.

(S)-3-[(R)-2-({[(Benzyloxy)carbonyl]amino})methyl-4-(4-(tert-bu-
toxy)phenyl)-1-oxobutyl]-4-isopropyl-5,5-diphenyloxazolidin-2-
one (11 a): Isobutene (1.0 mL) was dissolved in CH2Cl2 (1 mL) at
�78 8C. At �30 8C first CF3SO3H (6 mL, 0.04 mmol) and afterwards
a solution of 10 a (0.21 g, 0.35 mmol) in CH2Cl2 (4 mL) was added,
and the mixture was stirred at �30 8C for 5 h. NEt3 (6 mL,
0.04 mmol) was added, and the solution was allowed to warm
slowly to RT, before the solvent was evaporated. Purification via
preparatice HPLC [C18]: eluent: MeOH (A) and 0.1 % HCO2H in
H2O (B) applying a linear gradient starting from 70 % A in 30 % B to
100 % A in 20.0 min, FR: 32.0 mL min�1 afforded 11 a as a colorless
solid (0.113 g, 51 %): mp: 54–57 8C; [a]27

D =�79.8 (c = 0.29 in CHCl3);
1H NMR (360 MHz, CDCl3): d= 7.56–7.47 (m, 2 H), 7.44–7.26 (m,
12 H), 7.23–7.14 (m, 1 H), 6.80–6.72 (m, 2 H), 6.64–6.57 (m, 2 H), 5.38
(d, J = 3.5 Hz, 1 H), 5.16 (bs, 1 H), 5.07 (s, 2 H), 3.89–3.76 (m, 1 H),
3.61–3.48, 3.45–3.34 (2 m, 2 H), 2.13–1.89 (m, 3 H), 1.77–1.60, 1.51–
1.39 (2 m, 2 H), 1.31 (s, 9 H), 0.85 (d, J = 7.0 Hz, 3 H), 0.72 ppm (d,
J = 6.7 Hz, 3 H); 13C NMR (90 MHz CDCl3): d= 174.5, 156.2, 153.3,
153.1, 142.3, 137.7, 136.0, 129.0, 128.8, 128.49, 128.47, 128.4, 128.1,
128.05, 125.7, 125.4, 124.0, 89.7, 78.12, 66.7, 65.3, 43.0, 42.6, 32.0,
31.4, 29.6, 28.8, 21.7 ppm; IR (NaCl): n= 3378, 3062, 2976, 2932,
1783, 1720, 1507, 1451, 1364, 1316, 1236, 1174, 1052, 990,
911 cm�1; MS (ESI): m/z 685.5 [M + Na]+ ; HRMS-ESI: m/z [M + Na]+

calcd for C41H46N2O6 : 685.3248, found: 685.3249.

(R)-3-[(S)-2-({[(Benzyloxy)carbonyl]amino})methyl-4-(4-(tert-bu-
toxy)phenyl)-1-oxobutyl]-4-isopropyl-5,5-diphenyloxazolidin-2-
one (11 b): Compound 11 b was synthesized according to the pro-
cedure described for 11 a starting with 10 b (1.0 g, 1.6 mmol). Pu-
rification via preparative HPLC [C18]: eluent: MeOH (A) and 0.1 %
HCOOH in H2O (B) applying a linear gradient starting from 70 % A
in 30 % B to 100 % A in 20.0 min, FR: 32.0 mL min�1 afforded 11 b
as a colorless solid (0.62 g, 58 %). Spectroscopic characterization
data were identical to those obtained for the enantiomer 11 a.
[a]27

D = + 80.4 (c = 0.30 in CHCl3).

(R)-2-({[(Benzyloxy)carbonyl]amino})methyl-4-(4-(tert-butoxy)-
phenyl)-butanoic acid (12 a): To a solution of 11 a (1.0 g,
1.6 mmol) in MeOH/THF (1:1, 8.4 mL, 0.2 m) 1 n NaOH (3.0 mL) was
added, and the mixture was stirred at RT for 2.5 h. The solvent was
evaporated, Et2O was added, and the resulting suspension was
stirred at RT for 15 min and filtered. The residue was washed with
1 n NaOH, H2O, Et2O and pentane and dried in high vacuum afford-
ing the auxiliary as colorless solid. The filtrate was diluted with
Et2O. The aqueous phase was separated, washed with Et2O (1 �),
acidified with 6 n HCl (pH 1–2) and extracted with EtOAc (3 �). The
combined organic extracts were dried (MgSO4), filtered and con-
centrated in vacuo. The resulting colorless oil 12 a (0.64 g, quant.)
was pure enough for next reaction. For analytical purposes,
a sample was purified using preparative HPLC [C18]: eluent:
CH3CN (A) and 0.1 % HCO2H in H2O (B) applying a linear gradient
starting from 50 % A in 50 % B to 95 % A in 5 % B in 18.0 min, FR:
32.0: [a]26

D =�3.0 (c = 0.22 in CHCl3) ; 1H NMR (600 MHz, CDCl3): d=
7.39–7.29 (m, 5 H), 7.09–6.98 (m, 2 H), 6.93–6.82 (m, 2 H), 5.23 (bs,
1 H), 5.10 (s, 2 H), 3.56–3.20 (m, 2 H), 2.73–2.55 (m, 3 H), 2.02–1.71
(m, 2 H), 1.32 ppm (s, 9 H); 13C NMR (150 MHz, CDCl3): d= 171.2,
156.5, 153.5, 136.4, 135.8, 128.8, 128.5, 128.2, 128.1, 124.2, 78.3,

67.4, 66.9, 45.2, 44.9, 42.4, 41.6, 32.5, 31.1, 28.8 ppm; IR (NaCl): n=
3330, 3033, 2977, 1710, 1507, 1455, 1365, 1236, 1161, 1016, 897,
851 cm�1; MS (ESI): m/z 422.7 [M + H]+ ; HRMS-ESI : m/z [M + Na]+

calcd for C23H29NO5 : 422.1938, found: 422.1943.

(S)-2-({[(Benzyloxy)carbonyl]amino})methyl-4-(4-(tert-butoxy)-
phenyl)-butanoic acid (12 b): Compound 12 b was synthesized ac-
cording to the procedure described for compound 12 a starting
with 11 b (1.0 g, 1.5 mmol). Compound 12 b was obtained as a col-
orless oil (0.62 g, quant.). Spectroscopic characterization data were
identical to those obtained for the enantiomer 9 a. [a]26

D = + 2.9
(c = 0.22 in CHCl3).

5-Chloromethyl-pyrazolo[1,5-a]pyridine (13): A solution of 2,4,6-
trichloro-1,3,5-triazine (660 mg, 3.58 mmol) in DMF (1.5 mL) was
stirred at RT for 1 h. Subsequently, a solution of 5-hydroxymethyl-
pyrazolo[1,5-a]pyridine[20] (542 mg, 3.66 mmol) in CH2Cl2 (10 mL)
was added. After stirring for 15 min, H2O (0.5 mL) was added, and
the mixture was transferred into a separation funnel. After washing
with saturated aq Na2CO3, diluted HCl and brine, the organic layer
was dried (Na2SO4), filtered and concentrated in vacuo. Flash
column chromatography (CH2Cl2/MeOH 99:1) afforded 11 as a col-
orless solid (430 mg, 71 %): mp: 67 8C; 1H NMR (360 MHz, CDCl3):
d= 8.46 (ddd, J = 7.3, 0.9, 0.9 Hz, 1 H), 7.97 (d, J = 2.3 Hz, 1 H), 7.53
(dd, J = 2.0, 0.9 Hz, 1 H), 6.78 (dd, J = 7.3, 2.0 Hz, 1 H), 6.53 (dd, J =
2.3, 0.9 Hz, 1 H), 4.59 ppm (s, 2 H); 13C NMR (150 MHz, CDCl3): d=
142.5, 139.5, 132.9, 128.9, 117.2, 112.0, 97.6, 45.3 ppm; IR (film,
NaCl): n= 1644, 1527, 1515 cm�1; MS (APCI): m/z 167, 169 [M + H]+ .

(2S,5 R)-2,5-Dihydro-3,6-dimethoxy-5-isopropyl-2-[(pyrazolo[1,5-
a]pyridin-5-yl)methyl]pyrazine (14 a): A solution of (2R)-2,5-dihy-
dro-3,6-dimethoxy-2-isopropylpyrazine (453 mL, 466 mg,
2.53 mmol) in THF (7 mL) was cooled to �78 8C, then a 2.5 m solu-
tion of n-butyllithium in hexane (1.01 mL, 2.53 mmol) was added
and stirring was continued for 15 min (solution 1). 5-Chloromethyl-
pyrazolo[1,5-a]pyridine (13, 420 mg, 2.53 mmol) was dissolved in
THF (7 mL), cooled to �88 8C and then quickly added to solution 1
via syringe. After 3 h of stirring at �78 8C, H2O was added, the solu-
tion was concentrated in vacuo, and the residue was redissolved in
Et2O and washed with brine. Combined organic extracts were
dried (MgSO4), filtered and concentrated in vacuo, and the residue
was purified by flash column chromatography (petrol ether/EtOAc,
95:5) affording 14 a as a colorless solid (725 mg, 91 %): [a]23

D =
+ 44.4 8C (c = 0.79 in CH2Cl2) ; 1H NMR (CDCl3, 600 MHz, spectrum
also shows single resonances of approx. 2.3 % of the (2R,5R)-
epimer, which are not listed, e.g. an isopropyl methyl at 0.28 ppm):
d= 8.31 (dd, J = 7.0, 7.0, 1.0 Hz, 1 H), 7.89 (d, J = 2.3 Hz, 1 H), 7.27
(dd, J = 2.0, 1.0 Hz, 1 H), 6.57 (dd, J = 7.2, 2.0 Hz, 1 H), 6.39 (dd, J =
2.3, 1.0 Hz, 1 H), 4.33 (ddd, J = 5.8, 4.2, 3.8 Hz, 1 H), 3.68 (s, 3 H), 3.74
(s, 3 H), 3.59 (dd, J = 3.8, 3.4 Hz, 1 H), 3.14 (dd, J = 13.4, 4.2 Hz, 1 H),
3.09 (dd, J = 13.4, 5.8 Hz, 1 H), 2.17 (dqq, J = 7.0, 7.0, 3.4 Hz, 1 H),
0.96 (d, J = 7.0 Hz, 3 H), 0.64 ppm (d, J = 7.0 Hz, 3 H); 13C NMR
([D6]DMSO, 90 MHz): d= 164.1, 162.1, 141.9, 140.1, 133.8, 127.4,
117.0, 114.5, 96.0, 60.6, 56.1, 52.4, 52.3, 39.4, 31.6, 18.9, 16.5 ppm;
IR (film, NaCl): n= 2944, 1696, 1643 cm�1; MS (APCI): m/z 315
[M+H]+ ; HRMS-ESI: m/z [M]+ calcd for C17H22N4O2 : 314.1743,
found: 314.1744.

(2 R,5S)-2,5-Dihydro-5-isopropyl-3,6-dimethoxy-2-[(pyrazolo[1,5-
a]pyridin-5-yl)methyl]pyrazine (14 b): Compund 14 b was pre-
pared according to the protocol for the synthesis of 14 a, starting
from (2S)-2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine (0.35 g,
1.88 mmol). Compound 14 b was obtained as a colorless solid
(0.42 g, 72 %). Spectroscopic characterization data were identical to
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those obtained for the enantiomer 14 a. [a]23
D =�43.9 (c = 0.82 in

CH2Cl2).

(S)-2-Amino-3-(pyrazolo[1,5-a]pyridine-5-yl)-propionic acid hy-
drochloride (15 a): A solution of 14 a (0.4 g, 1.28 mmol) in 0.2 n

HCl (14 mL) was stirred at RT for 4 h. Afterwards the aqueous solu-
tion was extracted with Et2O (3 �) and the organic layer was dis-
carded. The solution was concentrated in vacuo at RT, then pH 11
was adjusted using aq ammonia (25 %) and extraction with Et2O
was performed. The combined organic layers were dried (MgSO4),
filtered, concentrated in vacuo, dried very thoroughly for 2 days
using high vacuum to remove the valin methyl ester for the most
part. The resulting crude, oily methyl ester (still slightly contaminat-
ed with valine) was then stirred in 6 n HCl (25 mL) at 70 8C for
3.5 h. After cooling, the solvent was removed in vacuo at RT to
afford crude 15 a as a colorless solid (249 mg, 81 %, crude, slightly
contaminated with valine), which was used for the next reaction
without further purification. For characterization, a small amount
of substance was purified by preparative HPLC [C8]: eluent: MeOH
(A) and 0.1 % TFA in H2O (B) applying a linear gradient starting
from 4 % A in 96 % B to 15 % A in 85 % B in 18.0 min, FR:
10.0 mL min�1. mp: 197–198 8C (decomposition), [a]20

D =�9.4 (c =
1.01 in H2O); 1H NMR (360 MHz, D2O): d= 8.60 (d, J = 7.5, 0.5 Hz,
1 H), 8.13 (s, 1 H), 7.71 (dddd, J = 2.0, 0.5 Hz, 1 H), 7.02 (dd, J = 7.3,
2.0 Hz, 1 H), 6.76 (dd, J = 2.8, 0.8 Hz, 0.13 H), 4.42 (dd, J = 7.5, 6.0 Hz,
1 H), 3.44 (dd, J = 14.7, 6.0 Hz, 1 H), 3.32 ppm (dd, J = 14.7, 7.5 Hz,
1 H); 13C NMR (150 MHz, D2O): d= 171.8, 140.9, 140.1, 134.2, 128.4,
119.8, 116.0, 98.2, 54.0, 35.8 ppm; IR (KBr): n= 3429, 1732,
1679 cm�1; MS (APCI): m/z 206 [M + H]+ ; HRMS-ESI: m/z [M]+ calcd
for C10H11N3O2 : 205.0851, found: 205.0850; HPLC (220 nm) system
S1 A: tR = 9.6 min (>99 %, sample purified by preparative HPLC).

(R)-2-Amino-3-(pyrazolo[1,5-a]pyridine-5-yl)-propionic acid hy-
drochloride (15 b): Compound 15 b was prepared according to the
protocol for the synthesis of 15 a, starting from 14 b (0.40 g,
1.28 mmol). Compound 15 b was obtained as a colorless solid
(0.25 g, 80 %). Spectroscopic characterization data were identical to
those obtained for the enantiomer 15 a. [a]25

D = + 6.9 (c = 1.01 in
H2O); HPLC (220 nm) system S1 A: tR = 9.8 min (>99 %, sample puri-
fied by preparative HPLC, see 15 a).

4-(2-Aminoethyl)pyridine[24] (16): A solution of NH4Cl (30.5 g,
0.57 mol) and 4-vinyl pyridine (30 g, 0.29 mol) in H2O (77 mL) and
MeOH (40 mL) was heated to reflux overnight. After cooling to
0 8C, NaOH (23.6 g, 0.50 mol) was added slowly and the aqueous
phase was extracted with CH2Cl2 (3 �). The combined organic ex-
tracts were dried (MgSO4), filtered and evaporated. Flash column
chromatography (CH2Cl2/MeOH, 93:7 + NH4OH) afforded 15 as
a yellow oil (15.7 g, 0.13 mol): 1H NMR (360 MHz, CD3OD): d= 8.53–
8.50 (m, 2 H), 7.15–7.12 (m, 2 H), 3.03–2.98 (m, 2 H), 2.79–2.69 (m,
2 H), 1.36 ppm (bs, 2 H); 13C NMR (90 MHz, CD3OD): d= 149.7, 148.8,
124.2, 42.5, 39.3 ppm; IR (NaCl): n= 3359, 2938, 2867, 1941, 1605,
1558, 1473, 1418, 1386, 1325, 1221, 1070, 1032, 1001, 810 cm�1;
MS (ESI): m/z 123.1 [M + H]+ .

4-[2-N-(tert-Butyloxycarbonyl)aminoethyl]pyridine[25] (17): To a so-
lution of 4-(2-aminoethyl)pyridine (16, 2 g, 16 mmol) in tert-butanol
(33 mL), a solution of di-tert-butyldicarbonate (3.9 mL, 18 mmol) in
tert-butanol (7 mL) was added dropwise and stirred at RT for 16 h.
Et2O was added, and the organic phase was washed with saturated
aq NaHCO3 (2 �) and brine (1 �), dried (MgSO4), filtered and con-
centrated in vacuo. Flash column chromatography (EtOAc/hexane,
3:1 + 2 % NEt3) afforded 17 as a yellow oil (2.94 g, 83 %): 1H NMR
(600 MHz, CDCl3): d= 8.54–8.48 (m, 2 H), 7.17–7.11 (m, 2 H), 4.65 (bs,
1 H), 3.45–3.34 (m, 2 H), 2.90–2.75 (m, 2 H), 1.43 ppm (s, 9 H);

13C NMR (150 MHz, CDCl3): d= 155.7, 149.9, 148.0, 124.1, 79.5, 40.8,
35.6, 28.4 ppm; IR (NaCl): n= 3341, 3029, 2977, 2932, 1709, 1604,
1523, 1455, 1416, 1391, 1365, 1274, 1252, 1172, 1051, 965,
810 cm�1; MS (ESI): m/z 223.0 [M + H]+ .

N-Amino-(4-[2-N-(tert-butyloxy-carbonyl)aminoethyl]pyridinium-
2,4-dinitrophenolate (18): To a solution of O-(2,4-dinitrophenyl)hy-
droxylamine[22] (4.9 g, 24.6 mmol) in CH2Cl2 (40 mL) and CH3CN
(6 mL), 17 (5 g, 22.5 mmol) was added, and the solution was stirred
at RT for 26 h. After addition of Et2O, the resulting solid was fil-
tered, washed with Et2O and dried in high vacuum overnight yield-
ing 18 as an orange solid (7.26 g, 77 %): mp: 141–145 8C; 1H NMR
(360 MHz, [D6]DMSO): d= 8.73–8.64 (m, 2 H), 8.59 (d, J = 3.2 Hz,
1 H), 8.28 (bs, 2 H), 7.88–7.82 (m, 2 H), 7.78 (dd, J = 9.8, 3.2 Hz, 1 H),
6.94 (bs, 1 H), 6.32 (d, J = 9.8 Hz, 1 H), 3.32–3.23 (m, 2 H), 2.98–2.85
(m, 2 H), 1.33 ppm (s, 9 H); 13C NMR (90 MHz, [D6]DMSO): d= 170.2,
155.5, 154.2, 138.2, 136.1, 128.2, 127.4, 127.3, 126.5, 125.0, 77.8,
39.8, 34.7, 28.1 ppm; IR (NaCl): n= 3421, 2255, 2129, 1655, 1318,
1050, 1026, 1004, 825 cm�1; MS (ESI): m/z 238.0 [M + H]+ .

5-{2-[N-(tert-Butyloxycarbonyl)amino]ethyl}pyrazolo[1,5-a]pyri-
dine-3-carboxylic acid methylester (19): To a solution of 18 (3.0 g,
7.1 mmol) in DMF (25 mL), K2CO3 (2.16 g, 15.7 mmol) and methyl-
propiolate (0.76 mL, 8.5 mmol) were added, and the mixture was
stirred at RT for 0.5 h. Stirring was continued for another 14 h at RT
while a stream of air was bubbled through the mixture. After filtra-
tion and evaporation of the solvent, the residue was treated with
a saturated aq NaHCO3 and extracted with Et2O (3 �). The com-
bined organic extracts were washed with 1 n HCl (1 �) and H2O
(2 �), dried (MgSO4), filtered and concentrated in vacuo. Crude
product was purified by flash column chromatography (EtOAc/
hexane, 1:3 + 2 % NEt3) to yield 19 as a yellowish solid (1.42 g,
63 %): mp: 95–101 8C; 1H NMR (360 MHz, CDCl3): d= 8.44 (d, J =
7.1 Hz, 1 H), 8.36 (s, 1 H), 7.95 (d, J = 0.9 Hz, 1 H), 6.83 (d, J = 6.6 Hz,
1 H), 4.65 (bs, 1 H), 3.91 (s, 3 H), 3.55–3.40 (m, 2 H), 2.99–2.85 (m,
2 H), 1.42 ppm (s, 9 H); 13C NMR (150 MHz, CDCl3): d= 163.9, 155.8,
145.1, 140.9, 139.8, 129.0, 117.9, 115.3, 103.0, 79.6, 51.1, 40.9, 36.0,
28.3 ppm; IR (NaCl): n= 3363, 2976, 1703, 1646, 1532, 1438, 1367,
1271, 1237, 1216, 1173, 1117, 1050 cm�1; MS (APCI): m/z 320.2
[M+H]+ ; HRMS-ESI : m/z [M + Na]+ calcd for C16H21N3O4 : 342.1424,
found: 342.1433.

5-(2-Aminoethyl)pyrazolo[1,5-a]pyridine (20): A solution of 19
(0.5 g, 1.57 mmol) in 48 % aq HBr (20 mL) was heated to reflux for
2 h. The cooled mixture was alkalized with 5 n NaOH and extracted
with CH2Cl2 (3 �). The combined organic extracts were dried
(MgSO4), filtered and concentrated in vacuo. The resulting orange
oil 20 was pure enough for the next reaction (0.2 g, 80 %): 1H NMR
(360 MHz, CDCl3): d= 8.40 (d, J = 7.1 Hz, 1 H), 7.91 (d, J = 2.2 Hz,
1 H), 7.36–7.31 (m, 1 H), 6.60 (dd, J = 7.1, 1.8 Hz, 1 H), 6.41 (dd, J =
2.2, 0.8 Hz, 1 H), 3.05–3.00 (m, 2 H), 2.79–2.74 ppm (m, 2 H);
13C NMR (90 MHz, CDCl3): d= 142.1, 140.2, 135.6, 128.3, 116.7, 113.3,
95.9, 42.5, 39.4 ppm; IR (NaCl): n= 3361, 2928, 2866, 1644, 1579,
1513, 1439, 1339, 1258, 1227, 1184, 920 cm�1; MS (APCI): m/z 162.0
[M + H]+ .

N-{5-(2-Aminoethyl)pyrazolo[1,5-a]pyridine}glycine-ethylester
(21): Compund 20 (0.5 g, 3.1 mmol) was dissolved in THF (10 mL)
and cooled to 0 8C. At this temperature, NEt3 (0.78 mL, 5.6 mmol)
and ethyl bromoacetate (0.31 mL, 2.8 mmol) were added, and the
mixture was stirred at RT for 4 h. After filtration of the resulting
solid, the solvent was evaporated. The crude product was purified
by flash column chromatography (EtOAc) to yield 21 as a yellow
oil (0.39 g, 60 %): 1H NMR (360 MHz, CDCl3): d= 8.39 (d, J = 7.2 Hz,
1 H), 7.91 (d, J = 2.3 Hz, 1 H), 7.37–7.35 (m, 1 H), 6.62 (dd, J = 7.2,

� 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemistryOpen 2014, 3, 206 – 218 216

www.chemistryopen.org

www.chemistryopen.org


1.9 Hz, 1 H), 6.41 (dd, J = 2.3, 0.8 Hz, 1 H), 4.18 (q, J = 7.2 Hz, 2 H),
3.42 (s, 2 H), 2.96–2.91 (m, 2 H), 2.85–2.80 (m, 2 H), 1.71 (bs, 1 H),
1.26 ppm (t, J = 7.2 Hz, 3 H); 13C NMR (150 MHz, CDCl3): d= 172.2,
142.1, 140.1, 135.5, 128.2, 116.5, 113.2, 95.9, 60.7, 50.8, 49.5, 35.8,
14.2 ppm; IR (NaCl): n= 3448, 3328, 3101, 2980, 2935, 2856, 1736,
1644, 1514, 1474, 1438, 1371, 1340, 1257, 1184, 1146, 1028, 918,
864 cm�1; MS (APCI): m/z 248.1 [M + H]+ .

Receptor binding experiments

Receptor binding data were determined according to protocols as
described previously.[7, 26] In detail, NTS1 binding was measured
using homogenates of membranes from CHO cells stably express-
ing human NTS1 at a final concentration of 1–2 mg/well and the
radioligand [3H]neurotensin (specific activity 101 Ci mmol�1; Perkin-
Elmer, Rodgau, Germany) at a concentration of 0.50 nm. Specific
binding of the radioligand was determined at KD values of 0.37–
0.69 nm and a Bmax of 6200–9300 fmol mg�1 protein. Nonspecific
binding was determined in the presence of 10 mm neurotensin.
NTS2 binding was done using homogenates of membranes from
HEK 293 cells, which were transiently transfected with the
pcDNA3.1 vector containing the human NTS2 gene (Missouri S&T
cDNA Resource Center (UMR), Rolla, MO, USA) by the calcium
phosphate method.[27] Membranes were incubated at a final con-
centration of 6–20 mg/well together with 0.50 nm of [3H]NT(8–13)
(specific activity 136 Ci mmol�1; custom synthesis of [leucine-
3H]NT(8–13) by GE Healthcare, Freiburg, Germany) at KD values in
the range from 0.83–1.35 nm and a Bmax of 250–670 fmol mg�1 pro-
tein. Nonspecific binding was determined in the presence of 10 mm

NT(8–13), and the protein concentration was generally determined
by the method of Lowry using bovine serum albumin as stan-
dard.[28]

Data analysis : Data analysis of the competition curves from the
radioligand binding experiments was accomplished by non-linear
regression analysis using the algorithms in PRISM5.0 (GraphPad
Software, San Diego, CA, USA). EC50 values derived from the result-
ing dose–response curves were transformed into the correspond-
ing Ki values utilizing the equation of Cheng and Prusoff.[29]

Computational chemistry

We used the crystal structure of the rat NTS1 receptor in complex
with NT(8–13) (PDB ID: 4GRV)[5] as a template to create homology
models of human NTS1 and human NTS2. The amino acid sequen-
ces of rat and human NTS1 and human NTS2 were retrieved from
the SWISS-PROT database[30] and aligned using ClustalX[31] (Gonnet
series matrix with a gap open penalty of 10 and a gap extension
penalty of 0.2) (Figure S2). The third intracellular loop was omitted
in the alignment, as it was absent in the crystal structure. Based on
the final alignment and the crystal structure of rat NTS1 as a tem-
plate, we created 10 models of human NTS1 and human NTS2
using MODELLER 9v4[32] and manually selected one model each.

The ligand NT(8–13) was positioned in the binding sites of human
NTS1 and human NTS2 as indicated in the crystal structure of rat
NTS1. For the test compound 2 a, we replaced the hydroxyphenyl
side chain of NT(8–13) at position 11 by an azaindole moiety, while
retaining the conformation of the main chain atoms. We refer to
the custom-made residue at position 11 as PPS. The ligand–recep-
tor complexes were subsequently submitted to energy minimiza-
tion using the SANDER module of AMBER10 as described.[33] The
all-atom force field ff99SB[34] was used for standard amino acid resi-
dues within NT(8–13), 2 a, human NTS1 and human NTS2. For the

custom-made residue PPS, we used ff99SB for the main chain
atoms and the general AMBER force field (GAFF)[35] for the side
chain. Charges for PPS were calculated using Gaussian 09[36] at the
HF/6–31(d,p) level and a manually conducted RESP[37] procedure, in
which we adapted the charges of the azaindole moiety while keep-
ing the charges of the main chain atoms at their values taken from
the ff99SB force field (figure S3). A formal charge of + 2 was de-
fined for NT(8–13) and 2 a. We applied 2500 steps of steepest de-
scent minimization, followed by 7500 steps of conjugate gradient
minimization. The minimization steps were carried out in a water
box with periodic boundary conditions and a nonbonded cut-off
of 10.0 �.

The AMBER parameter topology and coordinate files for the mini-
mized complexes were converted into GROMACS[38] input files and
inserted into a lipidic bilayer of DOPC residues as described.[39] The
charges of the simulation systems were neutralized by adding 12
and 13 chlorine atoms to the NTS1- and the NTS2-complexes, re-
spectively. The simulation systems were submitted to a short simu-
lation run of 10 ns each, with restraints of 1.0 kcal mol�1 �-2 ap-
plied on the main chain atoms of the proteins, and subsequent
production molecular-dynamics simulation runs of 400 ns and
350 ns for the NT(8–13)- and the 2 a-complexes, respectively, using
the GROMACS 4.5.2 simulation package as described.[40] The analy-
sis of the trajectories was performed using PTRAJ of the AMBER
package and figures were prepared using PyMOL.[41]
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