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ABSTRACT

Asx-Pro-turns have been identified with high frequency in protein structures nucleating type I β-turns. By bridging the amino acid side chain in
position iwith a nitrogen substituent in position iþ2 by ring-closing olefin metathesis (RCM), peptide mimetics of type 1 could be developed. NMR
based conformational investigations indicated a stable intramolecular H-bond constraining a U-turn conformation that was predicted to simulate a
type I β-turn.

Reverse-turn motifs are known as major recognition
elements for receptor�ligand interactions.1 As an exam-
ple, more than 100 peptide-activated G-protein-coupled
receptors bind biological effectors with U-turn-type
structures.2 Drug research has been directed to design
conformationally restricted scaffolds nucleating reverse
turns that allow a stable prearrangement of crucial
pharmacophores.3,4 Thus, pharmacological properties in-
cluding binding affinity, target selectivity, and metabolic
stability can be improved. Statistical analysis documented
the preferential incorporation of amino acid residues in
turn structures5 when the tendency of asparagine, which is
known to form a functionally relevant Asx-turn,6 was
found to predispose a type I β-turn.7 Taking advantage
of its frequent occurrence in the positions iþ1 and iþ2 of
β-turns of type I/II and VI, respectively, powerful reverse-
turnmimetics were derived from the functionally important
amino acid proline.5 Asx-Pro-turns exhibit a H-bonding

network featuring both the i to iþ3 backbone H-bond of

the classical β-turn and a side chain to iþ2 interaction

forming the Asx-turn.5 In fact, Asx-Pro-turns have been

identified with high frequency in protein structures nucle-

ating type I β-turns.7 As a key recognition element for

initiation of biological recognition events at the surface of

proteins, the type I β-turn, which is by far the most

common, has attracted considerable interest for the design

of peptidomimetic moieties.8 Bridging the amino acid side

chains in positions iþ1 and iþ2 by ring-closing olefin

metathesis (RCM) has been demonstrated to result in type

Iβ-turn inducing scaffolds by J.A.Katzenellenbogen.4aAs

a complementary strategy that allows the incorporation of

individual side chains into the positions iþ1 and iþ2, we

aimed to replace the Asx-turn forming side-chain element

in position i by a cis-olefin unit.
Employing the results of molecular dynamics simula-

tions, we recently designed a highly efficient proline-based

type VI β-turn mimetic.9 Our design of length and geome-

try of the olefin linker for homologous and isomeric ring

systems of type A was also based on molecular dynamics

studies. Thus, a family of structures of type A including 9-

to 12-membered ring systems were subjected to an energy

minimization followedbymolecular dynamics simulations
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(100 ps) to probe the stability of the observed β-turn-like
conformations.The lengthof thepresumedH-bondduring

the resulting trajectory was plotted against the number of

conformations observed with a specific distance when a

clear prevalence for a H-bond (distance < 2.25 Å) was

mainly observed for compounds bearing a cis configura-

tion at the double bond. Especially, 9- and 10-membered

ring systems showed a very narrow distance distribution

indicating a stable H-bond. These molecules were selected

for further ab initio geometry optimization with the Har-

tree�Fock algorithm at a 6-31G(d) level of theory. Dihe-

dral angles of the calculated structures fit well to the ideal

values for the βI-turn (Figure 1). Because the parent Asx-

turn is formed by a pseudo-10-membered ring and struc-

ture A clearly fulfilled the stringent criteria for assigning

a type I β-turn, we chose to approach the potential reverse

turn mimetics of type 1 incorporating a diazecine based

ring system. We herein present a highly practical synthetic

approach to 10-membered unsaturated lactams as βI-
turn mimetics, conformational investigations, and solid

phase supported application toward artificial neuropep-

tide analogues.
Grubb’s ring-closing olefin metathesis has been proven

as an elegant technique for the synthesis of 10-membered
rings when cyclization through RCM was explored as an
alternative to the classic methods of lactam formation.10

We intended to take advantage of ring-closing olefin

metathesis to access the novel molecular scaffolds of
type 1.
Our initial investigations were directed to the synthe-

sis of the Asx-Pro-turn mimetic 6a starting from the
N-allylglycine derivative 2a, which could be easily prepared
by N-alkylation (Scheme 1). Coupling of Fmoc-protected
proline acid chloride11,12 with the secondary amine 2a led
to the synthetic intermediate 3a. Subsequent N-deprotec-
tion and coupling with Fmoc-protectedC-allylglycine acid
chloride afforded the cyclization precursor 5a. Ring clo-
sure metathesis was performed using a second generation
Grubbs catalyst in refluxing dichloromethane to give
access to the cyclic olefin 6a in 41% yield. The control of
cis/trans-geometry in generating double bonds of medium
size, particularly 10-membered rings, is difficult and hard
to predict13 when the ratios of E/Z-isomers can be influ-
enced by reaction temperature10 or groups neighboring the
olefins as describedbyGrubbs.13 Somepublications report
the formation of only the trans-isomer,3a,14 while others
observe the generation of a cis-double bond exclusively.15

For our 10-membered system, careful NMR analysis un-
ambiguously proved the structure of 6a with a diagnostic
3J-coupling of 9.9 Hz for the cis-alkenyl partial structure
(for trans-configuration, a coupling constant >15 Hz
would be expected).16 To demonstrate the versatility of
the synthesis, the tyrosine analog 6b was prepared

Figure 1. Design and molecular dynamics investigations.
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following ananalogous reactionprotocol.Thus,we started
from bis-tert-butyl protected tyrosine which was N-alky-
lated to give the secondary amine 2b. Subsequent ligation
with proline, N-deprotection, coupling with allylglycine,
and RCM gave rise to the conformationally restricted
peptide mimetic 6b via intermediates 3b, 4b, and 5b.
We have recently shown that peptide backbone mod-

ifications of neurotensin analogues substantially control

their receptor affinity and subtype selectivity.17 To take

advantage of our novel peptide mimetic for the investiga-

tion of receptor ligand interactions and to demonstrate the

suitability of our molecular scaffold for solid phase sup-

ported peptide synthesis (SPPS), the conformationally

constrained neurotensin mimetics 8 and 9 were prepared

starting fromWang resin preloaded with the sequence Ile-

Leu. Deprotection of our scaffold 6b was done by tri-

methylsilyl trifluoromethansulfonate togive the carboxylic

acid 7. Attachment of the building block to the functiona-

lized Wang resin and subsequent ligation with Fmoc-Arg

and Fmoc-Lys followed by deprotection and cleavage led

to the neurotensinmimetics 8 and 9, respectively. Standard

solid phase protocols for microwave assisted SPPS were

employed using PyBOP/HOBt/DIPEA for the coupling

steps. Epimerization could be observed to a minor extent

when the impurities of the final products 8 and 9 could be

separated by preparative HPLC.
Aspartate is the most prevalent amino acid in position

iþ2 of type I β-turns in naturally occurring proteins.5

Thus, we envisioned investigating a further model system
that incorporates an aspartate derivative adjacent to the
proline residue. Because we planned to investigate this
model peptide surrogate for its conformational properties
emphasizing its capability to forma stable type Iβ-turn,N-
acetylation and N-methyl carboxamide functionalization
should be realized. Moreover, we were intrigued by the
question if our RCM precursor sequence can be also
constructed by solid phase supported peptide synthesis.
Thus, we chose N-methyl aminomethylindole resin as a
commercially available backbone amide linker (BAL) that
was N-acylated with Fmoc-protected γ-benzyl aspartate
by microwave assisted coupling when we employed Py-
BOB/HOBt as an activating mixture (Scheme 2).17a After
N-allylation and coupling with triphosgene-activated
Fmoc-proline, Fmoc-allylglycine was ligated. After N-
acetylation, TFA promoted cleavage in the presence of
triisopropylsilane gave access to the fully functionalized
cyclization precursor 10. Employing microwave irradia-
tion at 120 �C, the target compound 11 could be synthe-
sized upon treatment of the bis-olefine 10with aGrubbs II
catalyst.18 The stereochemistry of the proline-allylglycine
peptide bond was assigned trans by NOE experiments.
To investigate the ability of our molecular scaffold to

nucleate a stable type I β-turn, NMR spectroscopic studies
were performed comparing themodel peptide surrogate 11
with theN-acetylated tripeptidyl carboxamides 12, 13, and
14 thatwere expected to show the differential prevalence of

Scheme 1. Synthesis of the Molecular Scaffold 6a,b and the Neurotensin Analogs 8 and 9
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type I β-turns. These peptides were obtained bymicrowave
assisted Fmoc-solid phase peptide synthesis (see Support-
ing Information). The experiments were done in 2 mM
solution to exclude intermolecular interactions.19 Interest-
ingly, NMR-derived δ(NH) values demonstrated the ex-
istence of an intramolecular hydrogen bond when the
NH(iþ3) signals in the conformationally restricted peptide
mimetic 11 and the reference agents 12 and 13 resonated
significantly more downfield (6.8�6.9 ppm) than the Ala-
Pro-Ala derivative (6.2 ppm).15 To further investigate the
stability of the intramolecular hydrogen bond, increasing
amounts of DMSO-d6, which acts as a competitive hydro-
gen bond acceptor, were added to a solution of 11 and
12�14 in CDCl3 (Table 1). Interestingly, the peptide
mimetic 11 and the Asx-Pro-turn inducing sequences 12
and 13 did not reveal a substantial alteration of the NH
shift (Δδ 0.2�0.4), thus indicating a stable intramolecular

H-bond in the presence of even 30%DMSO.Temperature
dependent chemical shift changes of 1H NMR signals
as a measure for the stability of secondary structures
corroborated the assumption that the peptide mimetic 11
might form a stable intramolecular H-bond when a
comparatively low Δδ/ΔT value of �4.7 ppb/K was
observed.3b

In summary, novel reverse-turn mimetics could be de-
veloped by bridging the amino acid side chain and a
nitrogen substituent in positions i and iþ2, respectively,
by ring-closing olefin metathesis. NMR based conforma-
tional investigations indicated a stable intramolecular
H-bond constraining a U-turn conformation that was
predicted to simulate a type I β-turn.
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Scheme 2. Solid Phase Supported Synthesis of the Peptide
Mimetic 11

Table 1. Amide Proton Chemical Shift (δ) of NH(iþ3) As a
Function of the Percentage of DMSO-d6 in CDCl3 for the
Peptide Mimetic 11 and the Reference Peptides 12, 13, 14

% DMSO 11 12 13 14

0 6.7 6.9 6.9 6.3

5 6.8 6.9 7.0 6.8

10 6.9 7.0 7.1 7.1

20 7.0 7.1 7.1 7.3

30 7.1 7.1 7.2 7.4

Δδ 0.4 0.2 0.3 1.1
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